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ABSTRACT

The influences of thermal strain and dehydration upon the regulation of body temperature,
body-fluid and blood pressure, and the implications for cognitive function, are generally
thought to be well known. However, much of the past research has not determined the
affects of these separate and independent influences, due to the fact that both states are
often simultaneously elicited, particularly during exercise. Therefore, four experimental
studies were designed to evaluate the influences of hyperthermia, dehydration and exercise
upon these regulatory systems, first separately, and then collectively.

In the first two studies, the independent influences of moderate hyperthermia (mean body
temperature: 38oC) and 3% to 5% dehydration (body-mass loss) were established in eight
healthy, resting males by utilising a novel methodological approach, in which open-loop
states were applied via whole-body thermal and hydration state clamping. Moderate
hyperthermia resulted in increased cardiovascular strain, evidenced by significant elevations
in skin blood flow (P<0.01) and heart rate (P<0.01), while mean arterial pressure was
maintained (P>0.05). Furthermore, a significant amount of fluid and electrolytes (P<0.05
for each comparison) were lost from the intravascular space, presumably caused by the
significant blood flow displacement to the cutaneous circulation in combination with
profound sweating (P<0.01), resulting in a reduced and diluted plasma (P<0.05 for each
comparison). In contrast, 3% to 5% dehydration increased serum osmolality in proportion
to the level of dehydration (P<0.01), while the reduction in plasma volume (P<0.05) was
defended at the highest level of dehydration. Moreover, these dehydrated states did not
influence heart rate (P>0.05), skin blood flow (P>0.05) and mean arterial pressure
(P>0.05).

These two states were then combined and their interactive influences were determined at
rest in study three. No interactions between temperature and hydration level were present
for the measures of body-fluid and cardiovascular function (P<0.05 for each comparison),
indicating that these combined states did not exert additive physiological affects. Overall,
it was concluded that the separate and combined influences of hyperthermia and
dehydration were well tolerated by healthy, resting individuals.
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Finally, in study four physiological function was assessed in exercising individuals at
different hydration levels (0%, 3% and 5% body-mass loss) to examine the separate and
combined influences of exercise and dehydration. This was achieved by employing a
thermally controlled exercise condition (recumbent cycling at 40% of maximal work rate,
while mean body temperature remained at a thermoneutral level: 36oC), as well as a
thermoneutral resting and a thermally uncontrolled exercise condition (identical exercise
stimulus, but mean body temperature tracked changes in metabolic heat production
resulting in mild hyperthermia: 36.5oC). Exercise per se resulted in a reduction in plasma
volume (P<0.01) and elevations in heart rate (P<0.01) and mean arterial pressure (P<0.01),
while exercise performed in a thermoneutral, but dehydrated state, did not result in additive
influences, as no interactive affects were present for these measures (P>0.05 for each
comparison). However, when exercise to volitional fatigue was performed immediately
after these submaximal exercise conditions, dehydration-mediated changes in body-fluid
homeostasis resulted in cardiovascular limitations, thereby reducing maximal exercise
performance in proportion to the level of dehydration.

For the cognitive aspect of this project, another novel methodological approach was
utilised. That is, the difficulty level of a visual perceptual and working memory task were
matched (P>0.05), so that thermal and dehydration influences could be evaluated as a
function of these cognitive domains, while the visual perceptual task was administered at
an easy and difficult level of difficulty (P<0.05), to examine whether visual perceptual
performance was influenced by task difficulty. Moreover, the more sensitive signal
detection theory model was used to analyse these data, to disambiguate possible changes
in sensitivity (i.e. discriminative ability) and response bias (i.e. response strategy selection)
that can confound each other, so that influences upon the decision making process could
be assessed. As a physiological analogue of cognitive processes, brain electrical activity
was recorded over each hemisphere and across three cortical regions (i.e. frontal, centralparietal and occipital) in the eyes-closed condition, with power spectral analyses performed
to evaluate possible changes in the alpha and beta power bands.

Interestingly, moderate hyperthermia and 3% to 5% dehydration had no adverse influences
upon either task performance or brain electrical activity. Moderate hyperthermia resulted
iii

in faster reaction times independent of cognitive domain (P<0.05 for each comparison),
while this change was restricted to the visual perceptual domain during 5% dehydration
(P<0.05). Faster reaction times were most likely caused by the more liberal response
strategy that was engaged during these tasks (P<0.05 for each comparison), with ultimately
no changes present for sensitivity as a result of either hyperthermia (P>0.05) or dehydration
(P>0.05). Furthermore, changes in brain electrical activity were limited to a reduction in
beta power during moderate hyperthermia (P<0.05), implying that it was not arousal per
se that was affected under these conditions, while no dehydration-induced changes were
observed for either alpha or beta power (P>0.05 for each comparison). Moreover, the
combination of these two states did not elicit interactive affects on these measures (P>0.05
for each comparison), indicating that healthy, resting individuals were able to tolerate these
levels of hyperthermia and dehydration without impairing cognitive processes.
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CHAPTER ONE: INTRODUCTION

1.1 INTRODUCTION
1.1.1 Conceptual introduction
The principal focus of this research project was upon three integrated, physiological
regulatory systems: body temperature, body-fluid and blood pressure (Figure 1.1). The main
regulated variables for these systems are not only affected by passive structures (i.e.
anatomical structures of the body), but also by the presence of autonomically driven active
systems that can modulate appropriate effector responses to defend each variable within a
narrow range. For instance, mean body temperature is normally regulated between 35.536.5oC in healthy, resting individuals (i.e. thermoneutral zone; Mekjavic and Eiken, 2006;
Taylor et al., 2008) via the activation of thermoeffector mechanisms (i.e. vasomotor
responses; Figure 1.1). Each regulatory (active) system is composed of three parts: sensors
that detect changes in the status of the passive system, an effector controller (i.e.
hypothalamus and medulla oblongata), and one or more effectors (Werner, 1980, 1981).
Collectively, such systems represent control loops with negative feedback, and these
regulatory systems maintain homeostasis by compensating for unfavourable changes of
either internal or external origin (Werner et al., 2008).

A wide range of external (e.g. heat strain) and internal stresses (e.g. exercise) can disturb
homeostasis, though most of such changes are easily corrected. That is, feedback from
sensors located within tissues allow for the central integrators to be aware of disturbances,
leading to autonomic activation of effectors that will bring out a corrective response to reestablish homeostasis (Werner, 1981). For example, cold- and warm-sensitive
thermoreceptors continuously relay afferent feedback to the hypothalamus (Hensel, 1973,
1974), which results in the activation of appropriate thermoeffector mechanisms for the
regulation of body temperature. However, in situations where the effector capacities are
overwhelmed (e.g. exercise in the heat), a regulated variable can deviate substantially from
the desired regulated level, and homeostasis can be disturbed (Werner, 2005). Indeed, when
the body absorbs or produces more heat than it can dissipate, body temperature rises
progressively, resulting in an elevated thermal state (i.e. hyperthermia). Nevertheless, these
physiological changes do not occur in isolation, as all physiological systems operate within
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Figure 1.1: An overview of the inter-relationships among three physiological
(homoeostatic) regulatory systems (modified from Werner, 2005). The body temperature
and body-fluid regulatory systems were deliberately modified in this project to investigate
how disturbances in homeostasis (i.e. hyperthermia and dehydration) would affect the
effector responses and key regulated variables of the other physiological regulatory systems.
Variables indicated with a symbol (*) were measured during these experiments.
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an integrated network of controllers and effectors (Werner et al., 2008). As a consequence,
a change in one effector response can have physiological consequences for several other
regulatory processes. For instance, when an individual becomes hyperthermic, peripheral
vascular resistance is modulated (i.e. vasodilatation) as a means to regulate body
temperature (Rowell, 1974, 1986; Kenney et al., 2014), although central venous and mean
arterial pressures are also affected by this effector response (Figure 1.1).

In the current project, physiological homeostasis was disturbed by modifying two of these
regulatory systems (i.e. body temperature and body-fluid) to evaluate how these
modulations in temperature and body-fluid homeostasis would influence other
physiological regulatory systems, and whether these physiological changes would affect
cognitive function. Thermal homeostasis was disturbed by exposing individuals to
pronounced, but stable (clamped) levels of heat strain, thereby increasing body temperature.
An elevated thermal state can be classified as mild (mean body temperature: 36.5-37.5oC),
moderate (mean body temperature: 37.5-38.5oC) and profound hyperthermia (mean body
temperature >38.5oC; Taylor et al., 2008), and although these increases in body temperature
are generally well tolerated in healthy individuals (Sawka et al., 1992; Montain et al., 1994;
Cheung and McLellan, 1998; González-Alonso et al., 1999), most persons would only be
able to withstand profound levels of hyperthermia for a short time. Therefore, a moderate
level of hyperthermia (mean body temperature of ~38oC) was applied in the present
experiments, as it still causes considerable physiological strain (Rowell et al., 1970; Senay
and Christensen, 1965, 1968; Minson et al., 1998), but could be tolerated for much longer
periods.

In addition, body-fluid homeostasis was modified by inducing a sustained and stable loss
of body water (i.e. dehydration) via thermal sweating. Although prolonged and high levels
of dehydration can be detrimental, temporary and lower dehydration states are generally
well tolerated in healthy individuals (Saltin, 1964; Sproles et al., 1976; Kenney et al., 1990;
González-Alonso et al., 1997). Accordingly, the World Health Organisation has identified
the following health risk categories, based on water deficit ranges (World Health
Organisation, 2005): no dehydration (deficits <5% of body-mass loss), some dehydration
(5-10% deficits) and severe dehydration (deficits >10%). However, these dehydration
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thresholds were established for diseased states (i.e. diarrhoeal dehydration) in young
children, and thus may not necessarily be applicable to healthy adults experiencing sweatinduced dehydration (Cheuvront et al., 2012; Cheuvront and Kenefick, 2014). For instance,
while these clinical classifications do not recognise a water deficit of less than 5% as a
health risk, previous experiments have reported significant elevations in physiological
strain at these levels (Sproles et al., 1976; Nadel et al., 1980; González-Alonso et al.,
1997). Indeed, according to a scale developed by Greenleaf and Harrison (1986), which
outlines the adverse implications commonly observed with reductions in body mass in
applied settings (e.g. exercise, heat exposure), it would be more appropriate to classify a
5% reduction in body mass as a moderate to severe level of dehydration, as this state has
been associated with considerable discomfort (e.g. thirst, headache, sleepiness) as well as
impairments in heat tolerance and exercise performance (Greenleaf and Harrison,1986;
Greenleaf, 1992). Nevertheless, since such qualitative semantic descriptions are ultimately
arbitrary, dehydration levels will, from hereon, be referred to solely via a numerical
classification based on percentage body-mass loss. For the purpose of the current project,
two different levels of dehydration were elicited: 3% and 5% dehydration (body-mass loss).

1.1.2 Physiological regulation during hyperthermia and dehydration
The affects of hyperthermia and dehydration upon the physiological regulatory systems
have been extensively investigated in the past (Nadel et al., 1980; Sawka et al., 1985, 1992;
González-Alonso et al., 1995, 1997, 2000a; Montain and Coyle, 1992). During moderate
hyperthermia, a progressive rise in body temperature is defended via the activation of
vasomotor (i.e. vasodilatation) and sudomotor responses (i.e. sweating). This vasodilatation
is associated with a redistribution of blood flow from the splanchnic, renal and muscular
vascular beds to the cutaneous circulation (Rowell, 1974; Rowell et al., 1965, 1968, 1970,
1971), which in combination with the (hypotonic) fluid lost via sweating (Sato, 1973,
1977), results in a decreased plasma volume and increased osmolality (i.e. hypertonic
hypovolaemia; Morimoto, 1990). Furthermore, to support this marked increase in cutaneous
blood flow, a simultaneous increase in cardiac output occurs (i.e. the product of heart rate
and stroke volume), so that mean arterial pressure can be maintained under this condition
(Minson et al., 1998; Rowell et al., 1970, 1971).
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Dehydration is often simultaneously elicited with hyperthermia, and occurs when fluid
intake is inadequate to replace the water and electrolytes predominantly lost via sweating.
As a consequence of free fluid exchange, all body fluid compartments are eventually
affected by this total body-water deficit (Nose et al., 1983; Durkot et al., 1986; Maw et al.,
1998), with sweat-induced dehydration generally resulting in a reduction in plasma volume
and increase in osmolality, which develops in proportion to the level of dehydration (Sawka
et al., 1996). This reduced plasma volume, decreases central venous pressure (Morimoto,
1990) and cardiac filling (Nose et al., 1994), which in turn decreases stroke volume and
increases heart rate. As a result of these cardiovascular effector responses, cardiac output
and mean arterial pressure are generally well maintained during dehydration (Saltin, 1964;
Sproles et al., 1976; Allen et al., 1977; González-Alonso et al., 2000a). However, plasma
hypovolaemia and hyperosmolality have been shown to decrease skin blood flow (Fortney
et al., 1981; Nadel et al., 1980) and sweating responses (Senay, 1968; Sawka et al., 1985,
1989, Montain et al., 1995), thereby reducing the potential for dry and evaporative heat
loss, which may result in increased heat storage. Indeed, proportional increases in body
temperature with dehydrated states have been repeatedly observed (Greenleaf and Castle,
1971; Gisolfi and Copping, 1974; Sawka et al., 1985).

Taken together, previous research has reported that although physiological strain was
increased in moderately hyperthermic and dehydrated individuals, the main regulated
variables governing temperature, body-fluid and blood pressure regulation appear not to be
compromised under these conditions. However, a few methodological limitations have been
identified within the current literature, which may have confounded data interpretation.
Firstly, different techniques have often been applied to induce hyperthermia and
dehydration, which can make it difficult to compare and interpret results across studies. In
particular, (thermal) exercise protocols have regularly been used to induce both of these
states (Sawka et al., 1985, 1992; González-Alonso et al., 1995, 1997, 2000a; Montain and
Coyle, 1992), with the exercise stimulus providing another (internal) strain upon the
physiological regulatory systems, which renders it difficult to isolate the influences of
hyperthermia and dehydration from those of exercise.

Indeed, during exercise (i.e. dynamic, aerobic) metabolic heat is produced as a by-product
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of force generation in exercising muscles (Saltin and Hermansen, 1966; González-Alonso
et al., 2000b), which increases endogenous heat production, thereby modulating
temperature regulation. Furthermore, changes in body-fluid and blood pressure regulation
occur during exercise, which are primarily mediated by the redistribution of blood flow to
the exercising muscles to support their metabolic demands, as well as to the cutaneous
circulation to facilitate heat loss at the skin surface. As a result, haemoconcentration occurs
in the intravascular space during exercise (Saltin, 1964; Harrison et al., 1975; Greenleaf et
al., 1979) resulting in hyperosmotic hypovolaemia, whereas stroke volume and heart rate
(i.e. cardiac output) increase considerably to support the necessary elevation in mean
arterial pressure under these conditions (Åstrand et al., 1964; Haddy et al., 1968;
Higginbotham et al., 1986). Thus, it appears that the exercise stimulus itself may influence
physiological function independently of thermal and hydration status (Holmgren et al.,
1960; Bleichert et al., 1973), or that interactions between exercise, hyperthermia and
dehydration may occur (González-Alonso, 1998; Kenney et al., 2014).

Secondly, the separate and independent influences of hyperthermia, dehydration and
exercise upon physiological regulation have not been fully established due to the
experimental design of past investigations, and it is currently unclear to what extend each
of these states contributed to the changes observed in the physiological function. Although
the independent influences of hyperthermia upon body-fluid and blood pressure regulation
are generally thought to be well known (Morimoto, 1990; Crandall and González-Alonso,
2010), the affects of dehydration per se are less clear, as it is common to induce this state
via heating or exercise, with these techniques potentially confounding data interpretation
if no appropriate control has been included. In addition, the influence of exercise per se on
temperature, body-fluid and blood pressure regulation have not yet been determined, since
it is often impractical to control for hydration level and especially body temperature during
an exercise protocol.

Therefore, the current project was designed to tease out these independent influences in a
systematic manner, while also investigating the interaction between hyperthermia and
dehydration, as well as exercise and dehydration to evaluate whether these combined
stresses would result in additive physiological effects. This was achieved by employing a
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novel methodological approach, in which open-loop states were applied via whole-body
thermal and hydration state clamping. That is, when the corrective regulatory processes are
prevented experimentally (i.e. clamped), the control loop is said to have been opened
(Werner, 1998; Cotter and Taylor, 2005). For example, by elevating and holding body
temperature stable, and preventing its autonomic regulation during the course of an
experiment (i.e. thermal clamping), thermal sensor feedback remains stable. In such a state,
subsequent physiological changes are assumed to have been brought about via mechanisms
that occur independently of thermal influences (Cotter et al., 1995). Similarly, when
hydration state is clamped while thermal influences are allowed to occur, then one can
separate their individual affects upon physiological function. Therefore, these open-loop
states make it possible to investigate the characteristics of the central controller without
influences created by variations in afferent feedback from selected sensors (Werner, 1998).
Thus, by independently and collectively clamping body temperature and hydration level,
their separate and combined influences upon physiological regulation could be investigated
in resting and exercising individuals.

1.1.3 The affects of hyperthermia and dehydration on cognitive function
The secondary objective of this project was to explore the separate and combined influences
of hyperthermia and dehydration upon cognitive function in resting individuals. Cognition
refers to all brain processes that occur during the acquisition of knowledge, ranging from
simple perceptual processes to more complex systems responsible for information
processing and retrieval (Weiten, 2013). Although there is a multitude of techniques
available to assess these cognitive processes (e.g. neuroimaging, electrophysiological
measures), previous researchers have mostly utilised performance tasks to examine the
consequences of these physiological states upon cognitive performance. However, since
cognitive performance is a broad term, a wide variety of tasks has been administered over
the years, assessing many different cognitive processes (e.g. perception, memory,
vigilance). In addition, paralleling the situation with physiological research in this area,
various levels of hyperthermia and dehydration have been induced in past experiments
using different techniques (e.g. passive heating, exercise), which were rarely stable
(clamped) during the assessment of cognitive function. As a result, no clear or convincing
results have been demonstrated (Grandjean and Grandjean, 2007; Lieberman, 2007, 2012;
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Gaoua, 2010), with some studies reporting no thermal- or dehydration-induced affects
(Sharma et al., 1986; Bunnell and Horvath, 1989; Cian et al., 2001; McMorris et al., 2006;
Edwards et al., 2007; Tomporowski et al., 2007; Ely et al., 2013), whilst others have
reported an impairment in cognitive task performance (Strydom et al., 1968; Epstein et al.,
1980; Sharma et al., 1986; Cian et al., 2001; Lieberman et al., 2005; McMorris et al., 2006;
Baker et al., 2007; Tomporowski et al., 2007).

To mitigate the current confusion in the literature regarding the affects of hyperthermia and
dehydration on cognitive performance, rigidly controlled experimental conditions were
employed in this project to systematically explore the separate and combined influences of
these states on two different cognitive domains: a simple perceptual and a more complex
non-perceptual domain (i.e. working memory). In addition, brain electrical activity was
measured using electroencephalography (EEG) as a physiological analogue of cognitive
processing.

1.1.3.1 Cognitive task performance
A visual perceptual task was administered to evaluate the influences of hyperthermia and
dehydration on the visual perceptual domain. Visual perception involves recognition and
interpretation of stimuli presented within the visual field (Goldstein, 2014). Such stimuli
activate light-sensitive receptors within the retina, with the resulting neural impulse
travelling along the optic nerves, via the lateral geniculate nuclei of the hypothalamus
(Chen et al., 1998), to the primary visual cortex within the occipital lobe, before spreading
out to other nearby cortical areas (Eysenck and Keane, 2010). Information interpreted by
the visual cortex can be processed to provide immediate reactions, or this information can
be stored temporarily for later retrieval and appropriate responses. The first part of this
process is perceptual in nature, whilst information retrieval and manipulation represents a
non-perceptual process (i.e. memory).

Visual information is initially stored in the visual sensory memory (or iconic memory),
where it decays rapidly (within seconds) unless it is attended to and converted to a more
permanent form (Sperling, 1960). Attended information is then temporarily stored in an
intermediate short-term memory, which has a limited capacity to hold information.
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However, if information is rehearsed, it can be stored into a relatively permanent long-term
memory (Waugh and Norman, 1965; Atkinson and Shiffrin, 1968; Rundus, 1971). Since
most everyday (cognitive) tasks not only involve temporary storage, but also manipulation
of the necessary information to perform the task, a few theories have evolved from the
concept of a unitary short-term memory system. Once such theory of a working memory
was proposed by Baddeley and Hitch (1974), in which a central executive coordinates a set
of slave systems: the visuospatial sketchpad and the phonological loop. The visuospatial
sketchpad is used in the temporary storage and manipulation of spatial and visual
information, whereas the phonological loop is a subvocal rehearsal system for remembering
acoustically presented stimuli (or visual inputs subsequently converted to acoustic
representations). The central executive is an attentional-controlling system responsible for
the coordination of these slave systems, and therefore the regulation of cognitive processes
(Baddeley, 1992). This concept of working memory has replaced the older concept of a
single unitary short-term memory that also functions as a working memory (Crowder,
1982), although the precise mechanisms of its components remain unknown. Since working
memory is important for the performance of more complex cognitive tasks (Baddeley,
1992, 2003), this (non-perceptual) domain was also assessed during hyperthermia and
dehydration.

However, when evaluating task performance across separate cognitive domains (i.e. visual
perceptual and working memory), it is essential that the difficulty levels of these tasks are
controlled to render inter-task comparisons across domains valid. That is, in order to
accurately compare the baseline data of such tasks, or any subsequent changes that may
occur in performance during an altered thermal of hydration state, difficulty levels should
be matched during the experimental control to ensure that the difficulty level is not a
confounding factor. Many investigations that have examined the affects of hyperthermia
and dehydration on cognitive performance have either not reported (Sharma et al., 1986;
McMorris et al., 2006; Ely et al., 2013) or lacked this experimental control (Cian et al.,
2001; Lieberman et al., 2005; Tomporowski et al., 2007), with tasks generally administered
across different levels of difficulty, making the comparison and interpretation of results
problematic.

Page 9

In addition, no attempts have been made to control task difficulty levels within cognitive
domains in these studies, which can result in bias towards either an improvement or
decrement in cognitive performance. For instance, when the difficulty level is set too low,
tasks may already be executed near maximum performance, which introduces bias towards
either no change or a decrement in performance, as it is not possible to measure any further
improvements in performance. Therefore, another novel methodological approach was
employed in the current project, in which the difficulty level of the visual perceptual and
working memory tasks were set at moderately difficult levels, to reduce the possibility of
bias due to floor or ceiling effects, while allowing the evaluation of thermal- and
dehydration-induced influences as a function of these cognitive domains. Furthermore, the
visual perceptual task was administered at two different levels of difficult (i.e. easy and
difficult) to explore whether visual perceptual performance was affected by task difficulty
under these conditions.

In addition to these limitations in the administration of cognitive performance tasks, many
previous studies have used psychological analysis techniques with relatively poor
sensitivity to assess the influences of hyperthermia and dehydration upon task performance
(Sharma et al., 1986; Cian et al., 2001; Lieberman et al., 2005; McMorris et al., 2006;
Tomporowski et al., 2007; Ely et al., 2013), with performance accuracy (i.e. number of
correct responses) and reaction time predominantly reported as the sole outcome measures
of performance. However, these measures alone do not provide a complete account of how
cognitive information processing may be affected by these states. For instance, decision
making processes may be modulated in these conditions, but those affects could be missed
if performance data is not analysed appropriately. Thus, cognitive task performance may
have been altered as a result of underlying cognitive processes, but these changes may not
have been observed due to the use of less sensitive psychological analysis techniques.

The signal detection theory model (Green and Swets, 1966) provides a method to perform
more sensitive analyses for the measure of accuracy and, thereby, makes it possible to more
accurately evaluate decision making processes. According to signal detection theory, almost
all decision making takes place in the presence of some uncertainty (Green and Swets,
1966), which results in four possible types of responses in a performance task: hit (response
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when signal present), miss (no response when signal present), false alarm (response when
signal absent) and correct rejection (no response when signal absent). The signal detection
theory model uses the proportion of hits and false alarms during a task to compute the two
main components of decision making (Macmillan and Creelman, 1990, 1991). The first
component is the sensitivity index, which relates to an individual’s ability to distinguish
accurately between different stimuli (i.e. targets and distractors). The second component
is response bias, which reflects the tendency of a person to select differentially one response
option over the other (i.e. respond versus withhold response), independently of their
discriminative ability. Thus, when this model is applied to performance accuracy data of
the visual perceptual and working memory tasks, these two components can be separated,
which makes it possible to more accurately evaluate decision making processes during
hyperthermia and dehydration.

1.1.3.2 Brain electrical activity
Electrical activity of the brain is produced by billions of neurons, which create an electrical
current through nervous signalling pathways (Teplan, 2002). This neural activity results
from excitatory and inhibitory postsynaptic potentials in the pyramid cells of the cerebral
cortex, and a summation of these potentials is represented in the EEG (Andreassi, 2007).
Brain waves are typically described in terms of rhythmic activity by means of spectral
analysis, and are classically organised into four power bands: delta (0.5-4 Hz), theta (4-8
Hz), alpha (8-13 Hz) and beta (>13 Hz; Andreassi, 2007). Although the EEG power
spectrum is continuous, the brain state of an individual may make certain power bands
appear more dominant, depending on their state of alertness.

When awake, but at rest, the alpha and beta power bands are the most dominant (Teplan,
2002), and are consequently the most extensively studied bands under these conditions.
Alpha waves predominantly originate from the occipital lobe during wakeful relaxation
with closed eyes, and are suppressed with visual stimulation (i.e. alpha desynchronisation;
Adrian and Matthews, 1934; Legewie et al., 1969; Glass and Kwiatkowski, 1970). In
contrast, beta waves are dominant with active, busy or anxious thinking and active
concentration during normal waking consciousness (Dolce and Waldeier, 1974; Fernández
et al., 1995). Thus, these power bands are related to different states of alertness (among
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other things), shifting from high activity (beta waves) when fully alert towards slower
waves (alpha) when relaxed and even slower waves during sleep (delta). Since individuals
were tested in a rested, but awake state in the current project, alpha and beta were the
power bands of interest, and the affects of hyperthermia and dehydration upon these was
explored.

Research in the area of hyperthermia and dehydration and their influences upon brain
electrical activity is sparse. However, it would be reasonable to suggest that these states
may induce changes in the central nervous system. For instance, both hyperthermia and
dehydration result in alterations in the volume and composition of the extracellular fluid
(i.e. hypertonic hypovolaemia; Morimoto, 1990; Sawka et al., 1996), and since neuronal
function is highly dependent on the milieu of the central nervous system (Sécher and Ritz,
2012), these changes could affect neurotransmission (Lieberman, 2007). Indeed, studies
using various neuroimaging techniques have reported that several brain structures and
functions were altered during hyperthermia (Becerra et al., 1999; Nunneley et al., 2002) and
dehydration (Duning et al., 2005; Dickson et al., 2005; Kempton et al., 2009; Watson et
al., 2010; Kempton et al., 2011). Moreover, significant changes in brain electrical activity
have been previously reported during passive heat strain (Matthews et al., 1979; Dubois et
al., 1980, 1981), dehydration (Szinnai et al., 2005) and the combination of these two states
(Nielsen et al., 2001; Nybo and Nielsen, 2001; Ftaiti et al., 2010). However, since the focus
of most investigations was on either clinical treatments (Matthews et al., 1979; Dubois et
al., 1980, 1981) or exercise performance (Nielsen et al., 2001; Nybo and Nielsen, 2001;
Ftaiti et al., 2010), these studies were not ideally designed to evaluate the separate and
combined influences of these states upon brain electrical activity. That is, various levels of
hyperthermia and dehydration were induced in these studies, using different techniques, and
with these levels often not controlled during the recordings of the EEG.

In addition to these limitations in experimental design, two other major limitations have
been identified regarding the acquisition and analysis of EEG data in these investigations.
Firstly, only one or two electrode sites, mainly placed over the left frontal cortex, were used
in these studies to examine brain electrical activity. As a result, electrophysiological
function could only be assessed within a specific cortical region, leaving possible changes
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within and between hemispheres unexplored. Secondly, it is unclear if the recordings of the
EEG were performed in eyes-open or eyes-closed conditions in these studies, and since this
variation has a substantial influence on alpha activity (Adrian and Matthews, 1934;
Legewie et al., 1969; Glass and Kwiatkowski, 1970), with visual modalities potentially
causing interference (Barry et al., 2007), this could have confounded data interpretation.
Therefore, the current project was designed to explore possible thermal- and dehydrationinduced changes in brain electrical activity (i.e. alpha and beta power) within and across
hemispheres, with EEG recorded over each hemisphere and across three different cortical
regions (i.e. frontal, central-parietal and occipital) in eyes-closed conditions.

1.2 AIMS AND HYPOTHESES
The principal emphases of these experiments centred upon the regulation of body
temperature, body-fluid and blood pressure. The key objectives were to determine how
body temperature, hydration level and exercise state affect these regulatory systems, first
independently, and then collectively. The independent influences were investigated during
open-loop states, in which body temperature, hydration level and exercise state were
clamped and their separate affects upon physiological regulation were investigated.
Furthermore, the interaction between hydration state and hyperthermia, as well as exercise,
was examined. The second focus of these experiments was to explore the separate and
combined affects of hyperthermia and dehydration on cognitive function (i.e. task
performance and brain electrical activity). Similarly, thermal and hydration clamps were
used to investigate these independent and combined influences, though limited to the
resting state. In this regard, there were four general aims, each of which formed the basis
of a separate study. That is, the first two studies were designed to investigate the
independent influence of hyperthermia (Chapter Two) and dehydration (Chapter Three)
upon physiological regulation and cognitive function in resting individuals. These
physiological states were then combined and their interactive affects upon physiological
and cognitive function were examined (Chapter Four). In addition, physiological regulation
was assessed in exercising individuals at different hydration levels (Chapter Five), to
investigate the separate and combined influences of exercise and dehydration. Although
these experiments are each reported in separate Chapters, these studies were integrated into
one large research project and a three-dimensional diagram of the experimental design of
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this project is displayed in Figure 1.2.

1.2.1 Study one: physiological regulation and cognitive function at rest during
moderate hyperthermia
The aim of the first study was to investigate the independent influence of moderate
hyperthermia (mean body temperature of 38oC) upon physiological regulation and cognitive
function in resting individuals. Although these thermal affects are generally thought to be
well understood, it was an essential pre-requisite for this experimental series to confirm
these influences, and to establish an important baseline over which the other treatments
could later be laid. Hyperthermia results in vasodilatation and sweating to regulate mean
body temperature, which elevates body-fluid and cardiovascular strain. Accordingly, the
anticipated outcomes were that when a moderate level of hyperthermia was passively
induced and remained stable (clamped), skin blood flow and heart rate would increase and
fluid and electrolytes would be lost from the extracellular space relative to the
thermoneutral state. However, it was hypothesised that mean arterial pressure, plasma
volume and osmolality would be defended at control levels in hyperthermic, euhydrated
individuals at rest.

Furthermore, it was assumed that a passively induced moderate level of hyperthermia
would adversely affect cognitive task performance (i.e. reaction time, sensitivity and
response bias) in euhydrated, resting individuals relative to the thermoneutral state.
However, it was hypothesised that when tasks were matched for difficulty level, this
performance impairment would be comparable across the visual perceptual and working
memory domains in hyperthermic, euhydrated individuals at rest. In addition, it was
hypothesised that when tasks were delivered at different levels of difficulty within the
visual perceptual domain, performance would be more reduced at a difficult compared to
easy level of difficulty in hyperthermic, euhydrated individuals at rest.

Finally, it was hypothesised that passively induced moderate hyperthermia in euhydrated,
resting individuals would increase alpha power and decrease beta power relative to the
thermoneutral state, when EEG was recorded over each hemisphere and across three
cortical regions (i.e. frontal, central-parietal and occipital) in the eyes-closed condition.
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Figure 1.2: A three-dimensional diagram of the experimental design, with body
temperature displayed on the abscissa (x-axis), hydration level of the ordinate (y-axis) and
exercise conditions on the applicate (z-axis). Subjects were tested in clamped thermal states
(thermoneutral: mean body temperature of 36oC; moderate hyperthermia: mean body
temperature of 38oC) and at each of three hydration levels (euhydration: 0% body-mass
loss; 3% dehydration; 5% dehydration) during rest (studies one, two, three), as well as
thermally controlled, thermally uncontrolled and maximal exercise (study four).
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These hypotheses were tested by measuring physiological and cognitive functions in
euhydrated, resting individuals in both thermoneutral (mean body temperature: 36oC) and
moderate hyperthermia (mean body temperature: 38oC) conditions. The latter was achieved
by passively elevating thermal state to the target level, where it was clamped for the
duration of the experiment (controlled hyperthermia). Euhydration status (0% body-mass
loss) was sustained throughout each trial using controlled (isotonic) fluid administration,
with fluid being replaced at a similar rate to fluid being lost. Thus, these procedures
permitted the evaluation of physiological regulation and cognitive function during moderate
hyperthermia, independently of hydration or exercise influences. Study one is represented
by the two blocks in the top row at the back of Figure 1.2 (body temperature: neutral, hot;
hydration level: 0%; rest) and comparisons were made along the abscissa (x-axis) only.

1.2.2 Study two: physiological regulation and cognitive function at rest in a
thermoneutral environment during 3% and 5% dehydration
The aim of the second study was to investigate the affects of 3% and 5% dehydration
(body-mass loss) upon physiological regulation and cognitive function in thermoneutral,
resting individuals. Previous research has generally produced sweat-induced dehydration
using (thermal) exercise protocols, which has made it difficult to isolate the affects of
dehydration from those of hyperthermia and exercise.

Dehydration induced via thermal sweating results in hypotonic-fluid loss relative to that of
extracellular fluid, which eventually affects each fluid compartment. Therefore, the
anticipated outcomes were that when sweat-induced dehydration was passively elicited and
then maintained (clamped) at a each target level (3% and 5% body-mass loss), a reduction
in plasma volume and elevation in osmolality would occur in proportion to the level of
dehydration. However, it was hypothesised that these intravascular changes would not
affect cardiovascular function (i.e. skin blood flow, heart rate and mean arterial pressure)
in dehydrated, thermoneutral individuals at rest.

Furthermore, it was assumed that 3% to 5% dehydration, induced passively via thermal
sweating, would reduce cognitive task performance (i.e. reaction time, sensitivity and
response bias) in proportion to the level of dehydration in thermoneutral, resting
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individuals. However, it was hypothesised that this decrement in performance would be
similar across the visual perceptual and working memory domains, when both tasks were
delivered at the same level of difficulty in dehydrated, thermoneutral individuals at rest. In
addition, it was hypothesised that visual perceptual performance would be further decreased
when this task was administered at a difficult compared to easy level of difficulty in
dehydrated, thermoneutral individuals at rest.

Finally, it was hypothesised that when EEG was recorded over each hemisphere and across
three cortical regions (i.e. frontal, central-parietal and occipital) during eye-closure, 3% to
5% dehydration induced by thermal sweating in resting, thermoneutral individuals would
result in increases in alpha power and decreases in beta power relative to the euhydrated
state, and these power spectral changes would occur in proportion to the level of
dehydration.

These hypotheses were tested by assessing physiological regulation and cognitive function
in thermoneutral, resting individuals at three different hydration levels: euhydration (0%
body-mas loss), 3% dehydration and 5% dehydration. Dehydration was induced using a
passive thermal dehydration protocol, and these target hydration states were then clamped
using controlled isotonic-fluid administration, such that fluid intake was equivalent to fluid
loss. Furthermore, mean body temperature was clamped at a thermoneutral level (36oC)
throughout each trial. Thus, these procedures allowed the evaluation of physiological
regulation and cognitive function at different stages of dehydration, independently of
thermal and exercise influences. Study two is represented by the right column at the back
of Figure 1.2 (body temperature: neutral; hydration level: 0%, 3%, 5%; rest) and
comparisons were made along the ordinate (y-axis) only.

1.2.3 Study three: the combined influences of moderate hyperthermia and 3% to 5%
dehydration upon physiological regulation and cognitive function during rest
In each of the previous studies, the focus was on separating the influences of moderate
hyperthermia (mean body temperature of 38oC) and 3% to 5% dehydration (body-mass
loss). However, in most situations these states occur simultaneously. Therefore, the aim of
the third study was to investigate the interaction between hyperthermia and dehydration
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upon physiological regulation and cognitive function in resting individuals.

Hyperthermia and dehydration both result in modulations of the volume and composition
of the intravascular space, either via blood flow displacement or whole-body fluid loss.
Consequently, the anticipated outcomes were that when both of these states were passively
induced and maintained (clamped), this combination would further reduce plasma volume
and increase osmolality relative to the thermoneutral, euhydrated state. Furthermore, it was
hypothesised that these two states would combine to elevate cardiovascular strain relative
to the thermoneutral, euhydrated state, as evidenced by elevations in skin blood flow and
heart rate, but mean arterial pressure would be regulated at control levels during resting
conditions.

Furthermore, it was assumed that the combination of passively induced hyperthermia and
dehydration would further impair task performance (i.e. reaction time, sensitivity and
response bias) in resting individuals relative to the thermoneutral, euhydrated state.
However, it was hypothesised that when tasks were presented at the same level of difficulty,
this greater reduction in performance would be equivalent across the visual perceptual and
working memory domains in hyperthermic and dehydrated individuals at rest. In addition,
it was hypothesised that when the visual perceptual task was delivered at different levels
of difficulty, performance would be more impaired in the difficult compared to easy
perceptual task in hyperthermic and dehydrated individuals at rest.

Finally, it was hypothesised that passively induced hyperthermia and dehydration in resting
individuals would combine to induce changes in the power spectrum of the EEG when
recorded over each hemisphere and across three cortical regions (i.e. frontal, central-parietal
and occipital) during eye-closure, resulting in a further increase in alpha power and
decrease in beta power relative to the thermoneutral, euhydrated state.

These hypotheses were tested by evaluating physiological regulation and cognitive function
in resting individuals at two levels of thermal strain (thermoneutral: mean body temperature
of 36oC; moderate hyperthermia: mean body temperature of 38oC) and at each of three
hydration levels (euhydration: 0% body-mass loss; 3% dehydration; 5% dehydration).
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Hydration targets were achieved using a passive thermal dehydration protocol, with these
states then clamped for the duration of the experiment using controlled (isotonic) fluid
administration. In addition, thermal clamps were used to achieve and sustain the two
different thermal states. Thus, these procedures permitted the combined influences of
thermal strain and dehydration upon physiological regulation and cognitive function to be
quantified. Study three is represented by the two columns at the back of Figure 1.2 (body
temperature: neutral, hot; hydration level: 0%, 3%, 5%; rest) and comparisons were made
along the abscissa (x-axis) as well as the ordinate (y-axis).

1.2.4 Study four: the influence of exercise upon physiological regulation during 3%
and 5% dehydration
To this point, only the influences of thermal strain and dehydration had been evaluated in
resting individuals. However, both of these states are often elicited during physical exercise,
which provides another (internal) strain upon the physiological regulatory systems.
Therefore, the principal aim of the fourth study was to investigate the independent affect
of exercise (i.e. aerobic dynamic) on physiological regulation.

To assess the influence of exercise per se, thermally controlled exercise, as well as
thermally uncontrolled exercise was performed. Thermally controlled exercise was defined
as exercise during which no changes in mean body temperature occurred, whereas during
uncontrolled exercise body temperature was allowed to track changes in metabolic heat
production. Exercise results in increased metabolic activity, which leads to increased heat
storage, elevated cardiovascular strain and haemoconcentration. However, it was
hypothesised that when exercise was performed without either an increase in body
temperature or dehydration (i.e. thermally controlled exercise), this elevation in body-fluid
and cardiovascular strain would be less pronounced compared to exercise during which
body temperature was allowed to track changes in metabolic heat storage (i.e. thermally
uncontrolled exercise), resulting in a smaller reduction in plasma volume and smaller
elevations in osmolality, heart rate and mean arterial pressure.

Furthermore, exercise was performed during 3% and 5% dehydration (body-mass loss),
with a secondary aim of evaluating the combined influences of exercise and dehydration
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upon physiological regulation. Dehydration induced by thermal sweating results in a
reduction in plasma volume and increase in plasma osmolality, and these body-fluid
responses are exacerbated during exercise due to a redistribution of blood flow to the
exercising skeletal muscles, which leads to elevations in thermal and cardiovascular strain.
However, it was hypothesised that when exercise was performed in a dehydrated state, but
without an increase in body temperature (i.e. thermally controlled exercise), these
intravascular changes and ensuing cardiovascular responses would be less pronounced
compared to exercise during which body temperature was allowed to track changes in
metabolic heat storage (i.e. thermally uncontrolled exercise), resulting in a smaller decline
in plasma volume and smaller increases in osmolality, heart rate and mean arterial pressure.

Finally, the experimental design of this study provided an opportunity to assess the
influence of dehydration upon physiological regulation during exercise to volitional fatigue,
and to examine its implications for maximal exercise performance. Exercise in a dehydrated
state results in elevated physiological strain, which causes premature fatigue compared to
euhydrated conditions. Therefore, the anticipated outcome was that 3% to 5% dehydration
would reduce time to volitional fatigue and peak exercise intensity, and that this exercise
impairment would occur in proportion to the level of dehydration.

These hypotheses were tested by evaluating physiological regulation in thermoneutral
(mean body temperature of 36oC), exercising individuals at each of three different hydration
levels (euhydration: 0% body-mass loss; 3% dehydration; 5% dehydration), which were
induced using a passive thermal dehydration protocol. Four different exercise states were
investigated at each hydration level: rest (no exercise; study two), thermally controlled
exercise, thermally uncontrolled exercise and maximal exercise. Thermally controlled
exercise was achieved by removing body heat at a rate that matched heat production,
thereby isolating the influence of exercise per se from those of heat storage. Thus, these
procedures allowed the evaluation of the separate and combined influences of exercise and
dehydration upon physiological regulation, as well as the affect of dehydration on maximal
exercise performance. Study four is represented by the three columns on the right of Figure
1.2 (body temperature: neutral; hydration level: 0%, 3%, 5%; exercise conditions: rest,
thermally controlled exercise, thermally uncontrolled exercise, maximal exercise) and
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comparisons were made along both the ordinate (y-axis) as well as the applicate (z-axis).
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CHAPTER TWO: PHYSIOLOGICAL REGULATION AND COGNITIVE
FUNCTION AT REST DURING MODERATE HYPERTHERMIA

2.1 INTRODUCTION
The regulation of body temperature during heat strain and its independent influence upon
blood pressure and body fluid regulation was investigated in study one of the current
project. The physiological consequences of an elevated thermal state are generally well
understood (Morimoto, 1990; Crandall and González-Alonso, 2010), but for this
experimental series, these formed an important baseline over which the other experimental
treatments could be laid. In addition, the influence of moderate hyperthermia on cognitive
function (i.e. task performance and brain electrical activity) was explored. This area has
also been extensively investigated (Deboer, 1998; Hancock and Vasmatzidis, 2003), though
no clear and convincing results have been reported due to the methodological discrepancies
currently present within the literature.

2.1.1 Physiological regulation during heat strain
Humans regulate mean body temperature, which is a weighted composition of superficial
(skin) and deep body (core) temperature (Jessen, 1996). When exposed to a hot
environment, an immediate increase in skin temperature and a successive elevation in core
temperature activate appropriate thermoeffector mechanisms (Figure 1.1) to modify heat
loss (Werner, 1998). The initial defence of a progressive rise in body temperature is
achieved by vasomotor activity (i.e. vasodilatation), resulting in large increases in skin
blood flow to enhance conductive and convective heat loss at the skin surface. Once this
capacity is nearly exceeded, sudomotor responses are initiated to facilitate evaporative heat
loss at the skin surface via the activation of eccrine sweat glands. The temperatures at
which these effectors are activated are defined as the thermoeffector threshold temperatures
(Mekjavic and Eiken, 2006), which are usually 0.2-0.5oC greater relative to the
thermoneutral state. However, these threshold temperatures are not fixed, but instead can
change due to a variety of thermal (Booth et al., 2004; Caldwell et al., 2011a) and nonthermal factors (Kellogg et al., 1991; Takamata et al., 1998). As a result of these
thermoeffector responses, elevations in body temperature are generally well tolerated.
However, since the physiological regulatory systems are inter-related (Figure 1.1), these
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responses can modulate blood pressure and body-fluid homeostasis, which was the primary
focus of the current study.

Many have investigated cardiovascular function during passive heat strain and its affects
upon blood pressure regulation (Rowell, 1974, 1986; Charkoudian, 2003; Crandall and
González-Alonso, 2010; Kenney et al., 2014). The classic research by Rowell and
colleagues (Rowell, 1974; Rowell et al., 1965, 1968, 1970, 1971) has demonstrated that an
elevation in body temperature redistributes blood from the splanchnic, renal and muscular
vascular beds to the cutaneous circulation, with 20- to 40-fold increases in skin blood flow
occurring during maximal heat strain (Rowell, 1974; 1986). This marked increase in
vascular conductance is paired with a simultaneous increase in cardiac output, resulting in
either no change or only modest reductions in mean arterial pressure (Minson et al., 1998;
Rowell et al., 1970, 1971). Indeed, Rowell et al. (1969) have reported an increase in cardiac
output of up to 13 L@min-1 during passive hyperthermia, which was largely dependent on
elevations in heart rate, since stroke volume only slightly changes during passive heat strain
(Damato et al., 1968; Rowell et al., 1969; Minson et al., 1998).

Although mean arterial pressure is maintained, this redistribution of body fluids during heat
strain, in combination with fluid lost via sweating, results in a decreased plasma volume
(hypovolaemia) and increase in osmolality (hyperosmolality; Morimoto, 1990). However,
adequate fluid and electrolyte replacement strategies can minimise these affects (Shirreffs
et al., 1996; Shirreffs and Maughan, 1998). In studies in which euhydration level was
maintained during acute heat exposure, haemodilution (Senay and Christensen, 1965, 1968)
or no change in plasma volume and osmolality (Horstman and Horvath, 1972; Myhre and
Robinson, 1977) have been reported. Independent of these possible changes in plasma
volume and osmolality, passive hyperthermia also affects their neural and humoral defence
mechanisms. Since the kidneys play a prominent role in the regulation of both plasma
volume and osmolality (Mack and Nadel, 1996; Popkin et al., 2010), reductions in urine
output have been reported as a result of heat strain (Adolph, 1947; Myhre and Robinson,
1977), which were predominantly caused by reduced renal blood flow.

Overall, previous research has demonstrated that although cardiovascular function and
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body-fluid homeostasis are altered as a result of an elevation in body temperature, the main
regulated variables are not compromised during moderate hyperthermia. However, a few
limitations with regards to the interpretation of these results have been identified. Firstly,
studies have often applied different techniques to induce passive hyperthermia, typically
using either water-perfusion garments (Rowell et al., 1970, 1971; Minson et al., 1998) or
climatic chambers (Senay and Christensen, 1965, 1968; Damato et al., 1968; Segar and
Moore, 1968; Horstman and Horvath, 1972; Myhre and Robinson, 1977). Although both
procedures manipulate skin temperature to achieve an elevation in core temperature,
evaporative heat loss is often impeded when wearing perfusion garments, resulting in
altered thermoeffector responses. Moreover, there is a lack in consistency in the degree of
heat strain that is administered, ranging between as little as 0.5oC (Myhre and Robinson,
1977) upwards to 2oC (Horstman and Horvath, 1972) elevations in body temperature.
Furthermore, once the target thermal state is achieved, it is essential that this state is
clamped throughout an experiment, so that subsequent physiological changes can be
investigated independent of thermal influences (Cotter et al., 1995a). Finally, euhydration
level has often not been controlled (Segar and Moore, 1968; Minson et al., 1998) or
reported (Rowell et al., 1970, 1971), with dehydration possibly confounding data
interpretation.

With these limitations in mind, this study was designed to investigate the influence of
moderate hyperthermia upon physiological regulation, independent of changes in hydration
state. Hyperthermia results in vasodilatation and sweating to regulate mean body
temperature, which elevates body-fluid and cardiovascular strain. Accordingly, the
anticipated outcomes were that when a moderate level of hyperthermia was passively
induced and remained stable (clamped), skin blood flow and heart rate would increase and
fluid and electrolytes would be lost from the extracellular space relative to the
thermoneutral state. However, it was hypothesised that mean arterial pressure, plasma
volume and osmolality would be defended at control levels in hyperthermic, euhydrated
individuals at rest. To test this hypothesis, whole-body thermal clamping was used to
achieve and sustain two, steady-state mean body temperatures: thermoneutral (36oC) and
moderate hyperthermia (38oC). Furthermore, euhydration level (0% body-mass loss) was
maintained throughout each trial using controlled isotonic-fluid administration, such that
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fluid replacement matched fluid loss. The results of this study will not only contribute to
the existing understanding of the independent influence of heat strain upon physiological
regulation, it will also provide an essential benchmark with which the other experimental
manipulation (i.e. dehydration; Chapters Three and Four) can later be compared.

2.1.2 The affects of heat strain on cognitive function
2.1.2.1 Cognitive task performance during moderate hyperthermia
Many groups have investigated cognitive task performance in hyperthermic conditions,
with few demonstrating clear or convincing results. Some studies report no thermal-induced
influences (Amos et al., 2000; Caldwell et al., 2011b, 2012; Gaoua et al., 2011a, 2011b),
whilst others have reported a reduction in performance (Wilkinson et al., 1964; Hocking
et al., 2001; Lieberman et al., 2005; McMorris et al., 2006; Caldwell et al., 2006; Simmons
et al., 2008; Gaoua et al., 2011a, 2011b). This confusion may have arisen due to
methodological discrepancies across studies (Gaoua, 2010), that have resulted in many
previous experiments not being optimally designed to evaluate these affects.

For instance, few studies have appropriately induced hyperthermia and then clamped this
state during the entire cognitive challenge. Physical exercise has often been used as a
method to induce hyperthermia (Amos et al., 2000; Hocking et al., 2001; Caldwell et al.,
2011b; 2012), but it has been suggested that exercise itself may have independent affects
on cognition. Although these affects are dependent on the nature of the performance tasks
as well as the intensity and duration of exercise, the general consensus is that short-duration
exercise facilitates cognitive performance (Tomporowski and Ellis, 1986; Brisswalter et al.,
2002; Tomporowski, 2003), but the exact mechanisms remain unknown. Moreover, it is
important that this thermal state is clamped throughout the experimental procedure, as it
has been suggested that static and dynamic states may affect cognitive processes differently
(Hancock and Vasmatzidis, 2003). A comprehensive review of the thermal affects on
sustained attention conducted by Hancock (1986) reported that performance is impaired
during transient changes in thermal state, but is improved in steady-state hyperthermic
conditions. Furthermore, dehydration can be an important confounding factor in these
experiments, as many investigators have not controlled (Lieberman et al., 2005; McMorris
et al., 2006; Caldwell et al., 2011b) or not reported the hydration status of their subjects
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(Wilkinson et al., 1964; Hocking et al., 2001; Caldwell et al., 2006; Gaoua et al., 2011a),
even though it is generally accepted that dehydration could in principle independently
influence cognitive performance (Gopinathan et al., 1988; Cian et al., 2000, 2001).

In addition to the physiological aspect of the experimental design, methodological
discrepancies have also been identified in the administration and analysis of cognitive
performance tasks. For instance, task difficulty has rarely been controlled within (Gaoua
et al., 2011a, 2011b) and across cognitive functions (Hocking et al., 2001; Lieberman et al.,
2005; McMorris et al., 2006), which makes it difficult to interpret and compare results.
Within performance tasks this can result in bias towards either an improvement or reduction
in cognitive performance. For example, if the difficulty level of a task is set too low, as for
the easy planning, choice reaction time and pattern recognition memory tasks that were
performed in two studies conducted by Gaoua and colleagues (2011a, 2011b), and
performance is already near 100% accuracy, bias towards either no change or a decrement
in performance is introduced, as it is not possible to measure any improvements in
performance. Indeed, in these studies (Gaoua et al., 2011a, 2011b) either no changes (easy
planning and choice reaction time tasks) or an impairment in performance (pattern
recognition memory task) were reported for these tasks as a result of passive hyperthermia.

Furthermore, inter-task comparisons have often been performed across different levels of
difficulty (Hocking et al., 2001; Lieberman et al., 2005; McMorris et al., 2006).
Consequently, variations between cognitive functions resulting from heat strain have
typically been ascribed to differences in task complexity, with tasks requiring more
attention showing more decrement during heat strain than less demanding tasks (Ramsey
and Kwon, 1992; Hancock and Vasmatzidis, 1998, 2003). However, if the difficulty level
across these tasks is not controlled, it renders it almost impossible to compare either the
baseline data of these tasks with each other or any subsequent changes in cognitive
performance during an altered thermal state.

Finally, psychological analysis techniques with relatively poor sensitivity have frequently
been used in investigations (Wilkinson et al., 1964; Amos et al., 2000; Hocking et al.,
2001; McMorris et al., 2006; Caldwell et al., 2011b, 2012; Gaoua et al., 2011a) to assess
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the influence of thermal strain upon task performance, with often only the generic measures
of accuracy (i.e. number of correct responses) and reaction time reported, which limits the
capacity to evaluate thermal influences on underlying cognitive processes. A method to
perform more sensitive analyses for the measure of accuracy has been provided by the
signal detection theory model (see Section 1.1.3.1 for more details; Green and Swets,
1966), which provides greater precision in the analysis of decision making processes by
separating sensitivity and response bias. Sensitivity relates to an individual’s ability to
distinguish accurately between different stimuli (i.e. targets and distractors), while response
bias reflects the tendency of a person to select differentially one response option over the
other (i.e. respond versus withhold response), independent of their discriminative ability.
Thus, when this model is applied to performance accuracy data of a cognitive performance
task, these two components can be separated, which makes it possible to more accurately
evaluate decision making processes.

As a consequence of these limitations, our understanding of the independent influence of
heat strain upon cognitive performance is less than optimal, and the current study was
designed to improve this understanding by addressing the above design limitations.
Moderate hyperthermia was induced and then maintained throughout the entire cognitive
challenge using passive whole-body thermal clamping. Euhydration level was sustained
using controlled (isotonic) fluid administration. The cognitive challenge consisted of a
visual perceptual task, administered at two levels of difficulty (i.e easy and difficult), and
a working memory task, administered at a difficulty level approximately equal to that of the
difficult perceptual task. Matching task difficulty levels between the difficult perceptual and
working memory tasks allowed for inter-task comparisons between these two cognitive
domains. In addition, the affect of task difficulty within the visual perceptual domain could
be evaluated as a result of the temperature manipulation. Moreover, more sensitive
psychological analysis techniques (separating sensitivity and response bias using signal
detection theory) were used to evaluate the affects of thermal strain upon the decision
making process. It was assumed that a passively induced moderate level of hyperthermia
would adversely affect cognitive task performance (i.e. reaction time, sensitivity and
response bias) in euhydrated, resting individuals relative to the thermoneutral state.
However, it was hypothesised that when tasks were matched for difficulty level, this
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performance impairment would be comparable across the visual perceptual and working
memory domains in hyperthermic, euhydrated individuals at rest. In addition, it was
hypothesised that when tasks were delivered at different levels of difficulty within the
visual perceptual domain, performance would be more reduced at a difficult compared to
easy level of difficulty in hyperthermic, euhydrated individuals at rest.

2.1.2.2 Moderate hyperthermia and brain electrical activity
An increasing amount of evidence, both from animal and human studies, indicates that
hyperthermia induces changes in the central nervous system (Deboer, 1998; Kiyatkin,
2005). Previous research has shown that the brain is especially vulnerable to changes in
temperature (Becerra et al., 1999; Nunneley et al., 2002). Indeed, even small changes in
brain temperature, such as those occurring during sleep, circadian or menstrual cycles, or
hibernation, have been suggested to induce a shift in electroencephalogram (EEG)
frequencies and cause changes in the power spectra of the EEG (Deboer, 1998). However,
research in this area is sparse and since the main focus of most investigations was on either
clinical treatments (Matthews et al., 1979; Dubois et al., 1980, 1981) or exercise
performance (Nielsen et al., 2001; Nybo and Nielsen, 2001; Ftaiti et al., 2010), these
studies were not designed to evaluate the influence of passive hyperthermia upon brain
electrical activity. Therefore, another aim of the current study was to explore these thermal
affects on brain electrical activity during rigidly controlled experimental conditions.

A few clinical studies have evaluated the influence of passive hyperthermia upon brain
electrical activity in humans. Dubois et al. (1980) recorded brain electrical activity in
cancer patients during passive whole-body hyperthermia and observed a slowing of the
EEG at considerably high core temperatures (oesophageal temperature: 41.4oC), indicating
a lower degree of cortical activation. In another study, Dubois et al. (1981) demonstrated
a disappearance of somatosensory-evoked potentials to finger stimulation during sustained
hyperthermia (oesophageal temperature: 42oC), which confirmed the previous findings of
neuronal dysfunction at these high temperatures. Similar findings were observed by
Matthews et al. (1979) after raising oral temperature by 1oC in patients with multiple
sclerosis, resulting in conduction block in demyelinated axons in the sensory pathways of
the cervical spinal cord. In these clinical studies, core temperature was elevated using
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passive whole-body heating and then sustained for 1-2 h whilst brain electrical activity was
evaluated. However, hydration level was not controlled during these treatments and could
have confounded data interpretation since the influence of dehydration upon brain electrical
activity is currently unknown (see Chapter Three). Moreover, patients were sedated and at
various levels of consciousness, which in itself could alter brain electrical activity (Simon
and Emmons, 1956; Vaitl et al., 2005; Boly et al., 2008). It is currently unknown if similar
findings are observed in unanaesthesised and healthy individuals.

One such approach to assess neural function has been via EEG application for sport and
performance in recent years (Thomson, 2008), which has resulted in a large number of
studies investigating brain electrical activity during exercise in the heat. A particular point
of interest has been the development of central fatigue during hyperthermia. Nielsen et al.
(2001) measured brain electrical activity in male cyclists to investigate the relationship
between neuronal activity and fatigue during prolonged exercise in the heat. Power
spectrum analyses using fast Fourier transform were performed to analyse alpha (8-13 Hz)
and beta (13-10 Hz) power in the frontal region of the brain. The ratio of alpha-beta was
used as an index of fatigue, with the rationale that a decrease in beta power and an increase
in alpha power would reflect decreased arousal. This study reported that increases in the
alpha-beta index were strongly correlated with increases in oesophageal temperature,
suggesting a decreased state of arousal at higher core temperatures, potentially contributing
to central fatigue during exhaustive exercise in the heat. However, this increase in the
alpha-beta index was mainly due to a decrease in beta power, while alpha power was not
significantly changed, raising the possibility that it was not arousal per se, but rather a more
specific change to beta power.

In later studies, it was shown that these changes in the EEG power spectrum induced by
progressive hyperthermia during exercise were not limited to endurance-trained males (e.g.
sedentary women; Ftaiti et al., 2010), and that they also developed over the central and
occipital cortex (Nybo and Nielsen, 2001). However, due to the nature of these studies, the
measurements of the EEG were all taken during or directly after (exhaustive) exercise,
whilst body temperature was constantly changing and tracking changes in heat production.
Therefore, it cannot be concluded that the changes observed were caused by hyperthermia
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per se, as they could have also been caused by the exercise stimulus, the thermal transients,
or both. Furthermore, hydration level was not controlled within these studies with
progressive dehydration occurring (0.9-2.1% body-mass loss), which could have also
influenced these findings.

In addition to these limitations in experimental design, two other major limitations have
been identified regarding the acquisition and analyses of EEG data in these studies. For
instance, brain electrical activity has often been recorded from only one or two electrode
sites, which were mainly placed over the left frontal cortex. Although it can be argued that
most of these experiments were exploratory in nature and that the frontal cortex is thought
to be most heavily involved in motor function (which was of primary interest in these
studies), these measures only allowed for electrophysiological changes to be evaluated
within a specific cortical region. However, it is currently unknown whether these thermally
induced changes were caused by a relatively discrete change in neural processing at the
frontal cortex, or whether heat strain induces a more global electrophysiological affect.
Therefore, the present study was designed to explore possible changes within and across
hemispheres, with brain electrical activity recorded over each hemisphere and over three
different cortical regions: frontal, central-parietal and occipital. Thus, the location of these
electrodes allowed for the evaluation of brain electrical activity for global thermal affects
as well as for possible changes in the topographical distribution of the EEG (i.e. sagittal and
lateral) as a function of temperature.

Furthermore, it is unclear if brain electrical activity was recorded in eyes-open or eyesclosed conditions in these studies, although the former state can be assumed for most
studies. Differences in brain electrical activity between these conditions have been well
investigated, especially for alpha power as it is affected by eye closure the most. It is well
known that alpha power in the EEG is dominant during the eyes-closed condition, and is
suppressed with visual stimulation (i.e. alpha desynchronisation; Adrian and Matthews,
1934; Legewie et al., 1969; Glass and Kwiatkowski, 1970). Furthermore, Barry et al.
(2007) more recently demonstrated that the eyes-open and eyes-closed conditions provided
EEG measures differing in topography as well as power level. Therefore, these differences
should be recognised when evaluating EEG research. In the current study, brain electrical
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activity was evaluated during the eyes-closed condition, so that interference from visual
modalities could be avoided, thereby producing more reliable results.

In summary, the above studies indicate that hyperthermia induces unfavourable changes in
the central nervous system that result in power spectral changes in the EEG. However, it
is currently unclear whether these changes are caused by the experimental treatment (i.e.
heating) or if they are the result of concurrent alterations in hydration status, level of
consciousness, disease status or the exercise stimulus. Furthermore, it is unknown at present
if hyperthermia induces topographical versus more generalised changes in the EEG.
Therefore, this study was designed to improve on these methodological limitations and
determine if and how the EEG is affected by hyperthermia. Moderate hyperthermia was
passively induced using whole-body heating and this thermal state was then clamped during
the recording of resting brain electrical activity. Euhydration level was maintained
throughout experimentation using controlled (isotonic) fluid administration. It was
hypothesised that passively induced moderate hyperthermia in euhydrated, resting
individuals would increase alpha power and decrease beta power relative to the
thermoneutral state, when EEG was recorded over each hemisphere and across three
cortical regions (i.e. frontal, central-parietal and occipital) in the eyes-closed condition.

2.2 METHODS
2.2.1 Subjects
Eight healthy, physically active males participated as subjects in this study, which was
approved by the Human Research Ethics Committee of the University of Wollongong
(HE09/373). Females were excluded due to the uncertain impact that hormonal fluctuations
during the menstrual cycle may have on the objectives of this research. Subject
characteristics are listed in Table 2.1. Each subject received a subject information package
and provided written, informed consent before participating. Furthermore, all subjects were
screened to exclude those at risk from sub-clinical renal disease (kidney function blood test
consisting of resting blood pressure assessment, blood analysis [estimated glomerular
filtration rate, urea, electrolytes, creatinine] and mid-stream urine analysis [albumin-tocreatinine ratio, protein, red and white blood cells]), cardiovascular contraindications,
musculoskeletal injury, visual impairment or a previous history of hyperthermia.
Page 42

Table 2.1: Subject characteristics of eight healthy, physically active males.
Subject

Age (y)

Height (m)

Body mass (kg)

Skinfold thickness (mm)

S1

21

1.83

85.4

71

S2

23

1.79

73.3

60

S3

23

1.75

69.7

44

S4

20

1.66

59.4

48

S5

27

1.82

71.5

54

S6

40

1.78

71.6

54

S7

20

1.77

77

84

S8

22

1.92

85.6

55

Mean

25

1.79

74.3

59

SD

7

0.08

8.8

13

Note: Skinfold thickness (mm) represents the sum of eight sites: biceps, triceps,
subscapular, midaxillary, suprailiac, abdominal, thigh and calf.
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2.2.2 Experimental procedures
Subjects participated in two trials, which differed only in the experimental treatment with
thermal clamping used to achieve and sustain two, steady-state mean body temperatures:
thermoneutral and moderate hyperthermia. Each trial was conducted at the same time of day
and with the trial sequence balanced across subjects. Trials on a single subject were
separated by at least seven days to avoid acclimation affects (Barmett and Maughan, 1993).

Figure 2.1 shows a schematic overview of the experimental procedures of this study.
Euhydration level (0% body-mass loss) was sustained throughout each trial using controlled
isotonic-fluid administration. Prior to each experiment, subjects were immersed in either
neutral (34-35oC) or hot water (40-41oC) to manipulate mean body temperature at a
thermoneutral (36oC) or moderate hyperthermia (38oC) level. These thermal states were
then clamped throughout each experimental trial, whilst cognitive function and
physiological regulation were assessed.

2.2.2.1 Experimental protocol
On one occasion, subjects were passively heated via whole-body water immersion (40-41oC
water temperature) to a mean body temperature of 38oC (moderate hyperthermia). On
another day, subjects were immersed in 34-35oC water to establish a uniform thermoneutral
state (mean body temperature: 36oC). Since the thermal conductivity of water is
approximately 24 times greater than that of air (630.5 versus 26.2 mW@m-1@K-1), water
immersion was the preferred method to rapidly induce these uniform thermal states.
Immersion occurred seated to the level of the third intercostal space with one arm resting
on a tray just above water level to avoid water from entering a blood sampling catheter
(Figure 2.2). Times of immersion were kept equal within subjects for each trial to account
for possible hydrostatic affects on subsequent cognitive and physiological measures. Each
experimental trial consisted of two separate 30-min rest phases, each completed in a
different laboratory: a neuropsychology laboratory for cognitive function assessment and
a climatic chamber for physiological measures. Great care was taken to control posture
during each trial due to its influence on blood volume responses (Harrison, 1985). Subjects
were in an upright seated position during water immersion, transfers (wheelchair) and
during each rest phase, except when body mass was recorded and urine samples were
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Figure 2.1: Schematic overview of the experimental procedures: moderate hyperthermia
and euhydration. Whole-body water immersion was used to manipulate mean body
temperature (!b) at either a thermoneutral (36oC) or moderate hyperthermia (38oC) level,
in separate trials. Thermal and hydration states were clamped throughout each experimental
trial, whilst cognitive function and physiological regulation were assessed.
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Figure 2.2: Experimental treatment: whole-body water immersion. Subjects were
immersed in either 34-35oC (thermoneutral trial) or 40-41oC water (hyperthermia trial),
with one arm resting on a tray just above water level to avoid water from entering the blood
sampling catheter.
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collected.

After the target body temperature was achieved (hyperthermia trials), or the required time
of immersion was reached (thermoneutral trials), subjects were transferred into the climatic
chamber, in which the environmental conditions were either temperate (25oC, 50% relative
humidity) or hot-dry (48oC, 20% relative humidity), to minimise convective heat loss
during subject preparation for transfer. Inside the climatic chamber, body mass was
recorded and subjects donned a water-perfusion garment (Cool Tubesuit, Med-Eng, Ottawa,
Canada), insulating clothing (fire-fighter thermal protective clothing) and running shoes.
Subjects were then transferred via wheelchair to the neuropsychology laboratory (<10 min),
where they were seated in a comfortable chair inside the testing room and prepared for
electrophysiological measures (<10 min). Testing commenced only when mean body
temperature was stable at either 36oC (themoneutral) or 38oC (hyperthermia).

Cognitive function assessment consisted of three performance tasks (working memory,
visual perception, letter identification), electrophysiological measures (EEG recordings
during eyes-closed condition) and five psychophysical and mood indices (thermal sensation,
thermal discomfort, thirst sensation, sleepiness, mood). Subjects were then transferred back
to the climatic chamber where the insulating clothing and water-perfusion garment were
removed, body mass was recorded and a urine sample was obtained.

Subjects were seated on a chair and data collection commenced after 20 min of seated rest.
The physiological measurements included: core temperatures (oesophageal, auditory canal,
rectal), skin temperatures (forehead, chest, scapula, upper arm, forearm, hand, thigh, calf),
heart rate, forearm blood flow, cutaneous blood flow, blood pressure, local sweat rates
(forehead, chest, scapula, forearm), three blood samples and five psychophysical and mood
indices (thermal sensation, thermal discomfort, thirst sensation, sleepiness, mood). Trials
were terminated after 30 min of seated rest and subjects commenced supervised recovery.
Final body mass was recorded and a final urine sample was obtained. Table 2.2 illustrates
the experimental timeline for each of these trials.
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Table 2.2: Experimental timeline.
Time (min)

Activity summary

0

Subject arrival

0-3

Euhydration check: urine specific gravity <1.021

3-5

Baseline body mass

5-60

Subject preparation: instrumentation and practise perceptual task

60-65

Baseline data collection: heart rate, blood pressure,
core and skin temperatures, blood sample

68

Pre-immersion body mass

69

Enter water immersion tank

70-98
99
100

Seated water immersion: 34-35oC (thermoneutral),
40-41oC (hyperthermia)
Exit water immersion tank
Enter climatic chamber: 25oC, 50% r.h. (thermoneutral),
48oC, 20% r.h. (hyperthermia)

101

Post-immersion body mass

101-105

Don water-perfusion suit, insulating clothing, shoes

105-115

Transfer to neuropsychology laboratory (wheelchair)

115

Enter testing room, transfer to chair

115-125

Subject preparation

125

125-150
150
150-160

Testing starts once body temperature stable: 36oC (thermoneutral),
38oC (hyperthermia)
Cognitive function testing: performance tasks, EEG measures,
psychophysical and mood indices
Transfer to wheelchair, exit testing room
Transfer to climatic chamber: 25oC, 50% r.h. (thermoneutral),
48oC, 20% r.h. (hyperthermia)

160-162

Take off water-perfusion suit, insulating clothing, shoes

162-165

Urine sample
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165

Experimental body mass

166

Transfer to chair

166-196

Seated rest (30 min)
Physiological data collection (10 min): heart rate, blood pressure,

186-196

core and skin temperatures, sweat rates, skin blood flow,
psychophysical and mood indices, blood samples

196

Terminate experiment: supervised recovery

197

Post-experimental body mass

197-200

Urine sample

Note: Immersion times varied among subjects from 19 to 46 min (average: 26.0 ±1.8 min)
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2.2.2.2 Isothermal clamping technique
Thermal stability was an important experimental design consideration, since core and skin
temperatures can both independently influence physiological regulation and cognitive
function. Thermoreceptors continually relay information relating to both the static and
dynamic thermal status of the body tissues (Hensel, 1974), and thus controlling this thermal
feedback within this experiment was essential. Only when thermal strain is controlled, can
it be assumed that it is the thermal energy content per se, and not the thermal transients, that
affect physiological and cognitive processes (Werner, 1998; Cotter and Taylor, 2005).
Therefore, an isothermal clamping technique (Cotter et al., 1995a) was used for both the
thermoneutral and the hyperthermia conditions. The aim of this technique was to either
maintain the thermoneutral target or to elevate and control core and skin temperatures at
a hyperthermic level, and then to maintain these temperatures throughout each trial,
resulting in a clamped mean body temperature. Different techniques had to be employed
to enable clamping of the desired body temperature throughout each trial for the two
laboratories used for experimentation: the neuropsychology laboratory for cognitive
function assessment and the climatic chamber for physiological measures.

For cognitive function assessment, subjects donned a water-perfusion garment, insulating
clothing (fire-fighter thermal protective clothing) and running shoes. Isothermal clamping
was most challenging for the hyperthermia trial. Nevertheless, this was achieved using a
combination of the water-perfusion garment, circulated with 50oC water (garment pump:
Delta Wing, Med-Eng, Ottawa, Canada; 325 mL@min-1; portable water bath: DC210, MedEng, Canada; bath pump and thermostat: GD120, Grant Instruments, U.K.; 17 L@min-1), the
insulating clothing as well as having both feet immersed in 40oC water (water bath: Type
VFP, Grant Instruments, U.K.). Pilot tests confirmed that these water temperatures and
techniques were sufficient to clamp mean body temperature at 38oC. However, as responses
to heat strain are highly individual, temperatures were closely monitored throughout each
trial so that appropriate adjustments in thermal loading could be made where necessary (e.g.
turning pump to garment off, placing feet outside water bath, etc.). In the thermoneutral
trial, the water-perfusion garment (pump off) and the insulating clothing were also worn
to control for any (dis)comfort experienced with wearing these garments. However, no foot
bath was used and subjects wore their running shoes instead.
Page 50

For the physiological measures, subjects wore only shorts and running shoes and isothermal
clamping was achieved by controlling the environmental conditions inside the climatic
chamber. Temperate conditions (25oC, 50% relative humidity) were used for the
thermoneutral trial and hot-dry conditions (48oC, 20% relative humidity), with a substantial
radiant heat source (three halogen heaters: Thorn Lighting, Wheterill Park, NSW, Australia;
~1500W), were used for the hyperthermia trial. These environmental conditions had also
been confirmed by pilot tests on isothermal clamping techniques.

2.2.2.3 Experimental standardisation
Experimental standardisation started three days prior to each trial during which diet and
fluid intake were controlled to ensure adequate hydration and nutritional levels. Subjects
were provided with 2 L of isotonic drink, to be consumed between 0600 h and 1800 h each
day, and were encouraged to drink additional fluids throughout the day. Before retiring,
subjects were instructed to drink 500 mL of additional fluid (in any form), and to eat an
evening meal and breakfast high in carbohydrate and low in fat (not provided). In the
morning, subjects were required to drink 500 mL of fluid (in any form) with breakfast. No
dietary supplements were consumed during these three days. Subjects were required to
record their semi-nude body mass each morning after voiding for the two days preceding
each trial and the morning of the trial from which their baseline body mass was calculated.
For the 12-h period prior to each trial, subjects were required to refrain from strenuous
exercise and the consumption of alcohol, tobacco and caffeine. Prior to commencing each
trial, urine specific gravity was measured to confirm euhydration status. Any subject not
within the lower half of the adequately hydrated range (i.e. urine specific gravity <1.021;
Armstrong et al., 1994) was not permitted to commence the experiment (N=2), and was
tested on another day. During each trial, fluid consumption was controlled to maintain
euhydration level, such that fluid replacement matched fluid loss. Isotonic drinks (sodiumchloride concentration: ~40 mmol·L-1; Merson et al., 2008) were made in the laboratory by
adding table salt to tap water at a rate of ~2.5 g@L-1 and adding cordial to taste. Fluids were
served as close as possible to body temperature in aliquots of 250-300 mL every 15-20 min
(Casa et al., 2000).
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2.2.2.4 Familiarisation session
One familiarisation session was required per subject, and this was conducted at least four
days before their first experimental trial. After arrival at the laboratory, a screening
questionnaire was administered and informed consent was obtained. Subjects were
introduced to the cognitive function assessments, after which their cognitive performance
task training occurred (see Section 2.2.3.5). The following morphological measures were
also recorded: body mass, height and skinfold thickness from eight sites (biceps, triceps,
subscapular, midaxillary, suprailiac, abdominal, thigh, calf). Finally, subjects were
familiarised with the psychophysical and mood indices.

2.2.3 Measurements
The measurements recorded and samples collected (Table 2.2) during these trials allowed
assessment of hydration state, thermal state, cardiovascular function, body fluid regulation
and cognitive function.

2.2.3.1 Hydration state
2.2.3.1.1 Body mass
Baseline body mass was calculated as the average of three consecutive daily measurements
(Cheuvront et al., 2004). Subjects were required to measure their semi-nude body mass
each morning after voiding for the two days preceding each trial and the morning of the
trial. Digital bathroom scales (±0.05 kg: A&D, Model UC-321, Ca, U.S.A.) with written
instructions and recording sheets were provided. If body mass was not identical on the first
two measurements, a third was taken and the mean was used as a representative of that day.
Analytical measurement variation was negligible (<0.1%) for these consecutive
measurements of baseline body mass. Throughout each trial, the water deficit level of each
subject was tracked from changes in semi-nude body mass (±0.02 kg: A&D, Model Fw150k, Ca, U.S.A.). Body mass was recorded at arrival, pre-immersion, post-immersion, and
before and after the experimental trial. It was assumed that mass lost was wholly
attributable to body-fluid loss (Baker et al., 2009) and no corrections for possible mass loss
associated with variations in metabolism and respiratory gas exchange were made (Montain
and Cheuvront, 2008). Changes in hydration state were calculated as the difference between
baseline and experimental body mass expressed as a percentage of baseline body mass. In
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addition, body surface area was calculated from body mass and height using the Du Bois
formula (Du Bois and Du Bois, 1916):
Surface area (m2) = mass (kg) 0.425 @ height (cm) 0.725 @ 0.007184

(Equation 2.1)

2.2.3.1.2 Serum osmolality
Venous blood samples were collected after 20 min seated rest in a climatic chamber. A 20gauge catheter was positioned into an antecubital vein and kept patent using saline flushes.
Blood samples were collected into serum vacutainers (Sarstedt Australia Pty. Ltd., Ingle
Farm, SA, Australia), rocked gently to mix the blood with the serum gel and then placed
vertically in a storage rack to allow for clotting. After blood had clotted (~30 min), the
samples were centrifuged at 2000g for 10 min at 20oC. Serum was extracted, transferred
into Eppendorf tubes, and stored at -80oC for later analysis. After completion of all trials,
frozen serum samples were thawed over ice in batches that could be analysed in half-day
blocks. Serum osmolality was analysed using freezing-point osmometry (Model 3250
Advanced Osmometer, Advanced Instruments Inc., Norwood, MA, U.S.A.).

This technique entails supercooling the sample several degrees below its freezing point. It
is unstable in this state, and a mechanical agitation induces crystallisation. The heat of
fusion suddenly liberated, causes the sample temperature to rise towards a plateau
temperature, where a liquid/solid equilibrium occurs. This temperature is, by definition, the
freezing point of the solution. Freezing-point osmometry is non-specific and depends only
on the number of particles in a sample (Bevan, 1978). All samples (250 ìL) were measured
in duplicate and then averaged, but if a difference of >2 mOsm@kg H2O-1 between samples
was found, a third sample was analysed to confirm the osmolality. The assays were
completed in one day for each subject using the same daily calibration verification
standards (290 mOsm@kg H2O-1), resulting in a small analytical measurement variation
(0.2%). The repeatability (±1 SD) and linearity (<0.5% from straight line) of the
osmometer were verified before and after the sample analysis period.

2.2.3.1.3 Urinary indices
Mid-stream urine specimens were collected on presentation (spot sample, not first void)
before and after each experimental trial in sterile urine containers (Sarsted Australia Pty.
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Ltd., Ingle Farm, SA, Australia). Fresh specimens were used to measure urine specific
gravity (Clinical Refractometer, Model 140, Shibuya Optical, Tokyo, Japan). Samples were
then transferred into Eppendorf tubes and stored at -80oC for subsequent measurement of
urine osmolality using the freezing-point depression technique as described in Section
2.2.3.1.2 (Model 3250 Advanced Osmometer, Advanced Instruments Inc., Norwood, MA,
U.S.A.). Like serum osmolality, analytical measurement variation was small (0.2%) for
urine osmolality.

2.2.3.2 Thermal state
2.2.3.2.1 Core temperature
Core temperature (!c) was derived as the mean of three sites: oesophagus, auditory canal
and rectum. Oesophageal temperature was measured at the level of the ventricles (between
the eighth and ninth thoracic vertebrae). The insertion length of the oesophageal probe
(Edale Instruments Ltd., Cambridge, U.K.) to obtain this position was determined for
individual subjects using a prediction equation based on sitting height (Mekjavic and
Remple, 1990):
Probe insertion length (cm) = (0.479 @ sitting height) & 4.44

(Equation 2.2)

Auditory canal temperature was measured using an ear-moulded plug, with a thermistor
protruding 10 mm from the mould (Edale Instruments Ltd., Cambridge, U.K.), inserted into
the left auditory canal. A large piece of cotton wool was placed over the ear and mould, and
secured with waterproof tape, to help shield the thermistor from the thermal environment.
This index has been previously shown to track oesophageal temperature with an average
offset of 0.2oC (Cotter et al., 1995b). Rectal temperature was measured using a thermistor
(YSI type 401, Yellow Springs Instruments Co. Inc., Ohio, U.S.A.) positioned 10 cm
beyond the anal sphincter. Core temperature data were continuously monitored throughout
each trial, and recorded at 15-sec intervals using a portable data logger (1206 Series
Squirrel, Grant Instruments Pty. Ltd., Cambridge, U.K.), and subsequently downloaded to
a computer for analysis.

2.2.3.2.2 Skin temperature
Skin temperatures were monitored at 15-sec intervals from thermistors (EU type, Yellow
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Springs Instruments Co. Inc., Ohio, U.S.A.) located at eight sites. These sites included:
forehead, right scapula, right upper chest, left arm, right forearm, right hand, right anterior
thigh, and left calf (International Standards Organisation, 1992). Measurements were
recorded using a data logger (1206 Series Squirrel, Grant Instruments Pty. Ltd., Cambridge,
U.K.), later downloaded to a computer, and used in the following surface area-weighted
equation to determine mean skin temperature (!sk: International Standards Organisation,
1992):
!sk= ((forehead + right arm + left forearm) @ 0.07) + ((right scapula + left upper
chest) @ 0.175) + (left hand @ 0.05) + (right anterior thigh @ 0.19) + (left calf @ 0.20)
(Equation 2.3)

2.2.3.2.3 Mean body temperature
Mean body temperature (!b) was calculated from mean core and skin temperatures
according to the calculation appropriate for exposure to each environment respectively
(Hardy and Dubois, 1938; Hardy and Stolwijk, 1966):
Thermoneutral: !b = (0.8 @ !c) + (0.2 @ !sk)

(Equation 2.4)

Hyperthermia: !b = (0.9 @ !c) + (0.1 @ !sk)

(Equation 2.5)

All thermistors were calibrated in a stirred water bath against a calibrated referenced
mercury thermometer (± 0.05oC: Dobbie Instruments, Dobros total immersion thermometer,
Australia). Thermistors were grouped together and positioned in open water near the
thermometer bulb. Collection of calibration data started with a water temperature of 15oC,
which was incremented 5oC every 15 min to a maximum of 45oC, with thermistor output
data collected using a data logger at 0.2 Hz (1206 Series Squirrel, Grant Instruments Pty.
Ltd., Cambridge, U.K.). Linear analysis was then performed on these data and a calibration
equation established for each thermistor. Using the coefficients of the linear equations, all
thermistor data were converted to the corrected temperatures.

2.2.3.2.4 Sweat rate
Total-body sweat loss was estimated from body-mass changes (±20 g: A&D. Model No.
Fw-150k, Ca, U.S.A.), corrected for fluid intake and urine production, but not for possible
metabolic or respiratory losses. Shoes were first removed and subjects were towelled dry
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to remove all perspiration. Measures were recorded at arrival, pre-immersion, postimmersion, and at the start and conclusion of each chamber exposure.

Local sweat rates (m
ÿ sw) were measured in the climatic chamber after 20 min of seated rest.
Ventilated sweat capsules (3.16 ±0.05 cm2; capacity hygrometery; Multi Site Sweat
Monitor, Clinical Engineering Solutions, Australia) were attached to four sites: forehead,
left scapula, left chest and left forearm (dorsal). To avoid pressure-hidrosis affects, sweat
capsules were constructed with 4.5-mm flanged perimeters to which a skin adhesive was
applied (Collodion®, Mavidon Medical Products, U.S.A.), sealing capsules to the skin.
While outside the climatic chamber, all capsules were ventilated using a portable air pump
(Optima air pump, Rolf C. Hagen Corp., Mansfield, U.S.A.) to prevent water from entering
the capsules during water immersion, as well as to avoid a build-up of sweat inside the
capsule potentially causing hidromeiosis. Once connected to the system inside the chamber,
the air ventilating each capsule was initially passed over a saturated solution of lithium
chloride (0.6-1.2 L@min-1) of a constant, known temperature. The relative humidities and
temperatures of the post-capsular air were recorded at 1-s intervals (Metrabyte DAS 1602,
U.S.A.) and saved on a computer.

Hygrometers were calibrated using saturated solution standards of lithium chloride and
sodium chloride. A three-point calibration was achieved. The low (4%) and mid (25%)
humidity points were obtained by positioning of saturated lithium chloride and sodium
chloride solutions outside the chamber at ~20oC, while relative humidity was determined
at the hygrometers located inside the chamber, which was regulated at an air temperature
of 25oC (thermoneutral trial) or 48oC (hyperthermia trial). The high humidity point (75%)
was achieved by positioning the sodium chloride solution inside the chamber at both 25oC
and 48oC (separately). Sweat rate was derived from changes in the relative humidity and
temperature of air entering and leaving each sweat capsule (Graichen et al., 1982). Thus:
m
ÿ sw = ((rh2 @ PH2O2 @ V
ÿ / 100 @ T2 @ k) - (rh1 @ PH2O1 @ V
ÿ / 100 @ T1 @ k)) @ 1000 / A
where: m
ÿ sw= sweat rate (mg@cm2@min-1),

(Equation 2.6)

rh = relative humidity of pre- (rh1) and post-capsular air (rh2; %),
PH2O = partial pressure of water vapour of pre- (PH2O1) and post-capsular
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air (PH2O2), if 100% saturated (mmHg),
V
ÿ = airflow through the capsule rotameter (L@min-1),
T = temperature of pre- (T1) and post-capsular air (T2; K)
k = water vapour gas constant (=3.464 mmHg@L@g-1@K-1),
A = area of skin under the capsule (3.16 cm2)

3.2.3.3 Cardiovascular function
2.2.3.3.1 Heart rate
Heart rate was monitored continuously from ventricular depolarisation at 15-s intervals
(Polar S610i, Polar Electro Oy, Finland) and subsequently downloaded to a computer for
storage.

2.2.3.3.2 Blood pressure
Brachial systolic and diastolic blood pressures were measured at baseline and the end of the
seated rest period, using an automatic digital monitor (Omron M6 Comfort, Omron
Healthcare Co. Ltd., Kyoto, Japan), which utilises the oscillometric technique. Mean
arterial pressure was calculated as one-third systolic pressure added to two-thirds diastolic
pressure.

2.2.3.3.3 Forearm blood flow
Forearm blood flow data were measured using venous-occlusion plethysmography (EC 4
Plethysmograph, D.E. Hokanson, Inc., U.S.A.). The measurement relies on the occlusion
of forearm venous return, while not changing arterial inflow. This was achieved by inflating
a venous-occlusion cuff, placed proximal to the right elbow, to a pressure of 50 mmHg.
This pressure is sufficient to occlude veins but allows arterial flow to continue. As blood
flows into the forearm, it causes the limb to swell, with this rate of swelling being a
measure of arterial flow at that instant (Whitney, 1953). Detection of the rate of swelling
of the forearm was through a thin, mercury-filled, silicone rubber tube placed around the
forearm at its greatest circumference. As the volume of the limb changes with each heart
beat following cuff inflation, the tube is stretched and the electrical resistance of a reference
current passing through the mercury increases. Due to the variability of hand blood flow,
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a second cuff was inflated at the right wrist to 180 mmHg to prevent flow and remove
artefacts associated with hand blood flow variations.

Forearm blood flow data was collected for 2 min at the end of the seated rest period inside
the climatic chamber. The cuff was automatically inflated (AG 101 Cuff inflator air source,
D.E. Hokanson, Inc., U.S.A.) for 8 s and deflated for 12 s, for a total of six inflations during
each 2-min collection period. Analog output from the plethysmograph system, sampled at
20 Hz, was passed via an eight channel, 12-bit analog-to-digital converter (Computer
Boards Inc., PPIO-A18, Mansfield, U.S.A.) to a computer for storage. Blood flow was
calculated by determining the initial slope of the volume curve preceding the possible
existence of a cuff artefact (Figure 2.3). The cuff artefact was a rapid rise of the curve
immediately after inflation of the venous occlusion cuff, due to blood being pushed back
down the arm. A tangent was drawn to the first pulses after the cuff artefact, with the line
extending completely across the graph. The slope of the line was determined by calculating
the change in volume per unit time. This was achieved by finding the time required for the
line to cross the graph by drawing a vertical line from the point where the line crossed the
bottom of the graph, then measuring the time horizontally to where the line crossed the top
of the graph, with these two extremes defined during a calibration procedure. Thus:
Q
ÿ F (mL@100mL tissue-1@min-1) = ((60 / x) @ 0.02) @ (ð @ r2 @ 1)

(Equation 2.7)

where: Q
ÿ F = forearm blood flow
x = time for the flow tangent to cross the graph (s),
0.01 = range setting for sensitivity on the plethysmograph (1%),
r = radius of the forearm (cm),
1 = width of the forearm area encompassed by the strain gauge (cm).

Venous-occlusion plethysmography was used as the primary index for forearm blood flow
as it provides a direct measurement, which allows values to be expressed in absolute blood
flow units (mL@100 mL tissue-1@min-1). Furthermore, these values were normalised to
changes in blood pressure, and forearm vascular conductance was calculated as forearm
blood flow divided by mean arterial pressure, expressed in conductance units (mL@100mL-1
tissue@min-1@mmHg-1@100).
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Figure 2.3: Example of the method for calculation of forearm blood flow from venousocclusion plethysmography output. Data represents a change in electrical resistance which
is changing due to forearm swelling with each cardiac cycle during venous occlusion. A
tangent was drawn to the first pulses after the cuff artefact, with the line extending
completely across the graph. Two vertical lines were drawn from the point where the
tangent crossed the bottom and the top of the graph, and the time (x) was measured
horizontally between these two lines. Forearm blood flow was then calculated using
Equation 2.7.
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2.2.3.3.4 Cutaneous blood flow
Data for cutaneous blood flow were collected (20 Hz) using laser-Doppler velocimetry
(Vasamedics Inc., TSI Laserflo BPM2, U.S.A.). This method is dependent on the Doppler
shift of laser light reflected from moving particles (Johnson et al., 1984). Collisions
between photons and stationary tissue randomises the direction of the light that eventually
reaches the moving tissues (e.g. erythrocytes), with the return of light to a photodetector via
sensing fibres. Only photons that have been scattered by moving tissue will have undergone
a Doppler frequency shift. The result is the creation of Doppler beat frequencies which
generate an electrical signal at the photodetector. The signal was processed and variables
including blood flow, tissue blood volume and red blood cell velocity were computed and
recorded through analog outputs and a digital panel meter (Shepherd et al., 1987). The
Laserflo BPM2 incorporated a gallium aluminium semiconductor laser, operating in a single
longitudinal mode, with a wavelength of 780 nm. The fibre optic probe has two receiving
fibres with a core diameter of 100 microns, a numerical aperture of 0.28, and a spacing of
0.5 mm from the transmitting fibre, which had a core diameter of 50 microns and a
numerical aperture of 0.20 (Borgos, 1990).

Prior to each test, the integrity of the fibre optic probe and the electrical zero of the system
were checked. Zero cutaneous blood flow was determined using an opaque, white surface,
to which all cutaneous blood flow recordings were referenced. Analog output was passed
via an eight channel, 12-bit analog-to-digital converter (Computer Boards Inc., PPIO-A18,
Mansfield, U.S.A.) to a computer for storage. Since this technique measures blood flow
only within a small tissue volume (1.0-1.5 mm radius hemisphere), and since it quantifies
relative rather than absolute blood flows, data were reported as percentage change from the
thermoneutral (control) values, instead of being converted to blood flow units. Cutaneous
blood flow was measured simultaneously with forearm blood flow, however, the laser
probe was positioned on the opposite forearm (dorsal surface, midpoint ulna). If probe
repositioning was required, clear marking of the site was ensured, permitting the probe to
be returned to the site with precision within each trial. Between trials, the probe was
carefully returned to the same pre-determined skin region, but replication of the exact tissue
volume between trials cannot be assumed.
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Although laser-Doppler flowmetry is considered more sensitive to changes in blood flow
(Johnson et al., 1984), it can only provide an indirect measure of cutaneous blood flow at
the forearm, with values expressed relative to the control condition. Cutaneous blood flow
was normalised to changes in blood pressure, with cutaneous vascular conductance
calculated as cutaneous blood flow divided by mean arterial pressure and expressed as a
percentage of the thermoneutral (control) value.

2.2.3.4 Body-fluid regulation
2.2.3.4.1 Plasma volume
Plasma volume change was determined indirectly from haematocrit and haemoglobin
concentration measurements (Straus et al., 1951; Dill and Costill, 1974). Since postural
changes have significant affects on body-fluid distribution and, therefore, on plasma
volume, posture was controlled for all blood collections (seated upright >20 min before
sampling; Harrison, 1985). During subject preparation, a 21-gauge butterfly needle was
inserted into an antecubital vein, and a resting baseline sample was collected in a blood gas
tube (lithium-heparin 50 I.U. heparin@mL-1 of blood) and analysed immediately using a
portable blood gas analyser (ABL77, Radiometer Pacific, Melbourne, Australia). In
addition, pre- and post-experimental blood samples were collected from a catheter inserted
into an antecubital vein of the opposite arm from where the baseline sample was collected.
Percent changes in plasma volume were derived from changes in haematocrit and
haemoglobin concentration (Dill and Costill, 1974):
ÄPV = (([Hb1] @ (1 – Hct2) / [Hb2] @ (1 – Hct1) – 1) · 100%

(Equation 2.8)

where: ÄPV = change in plasma volume (%),
[Hb1] = haemoglobin concentration pre-treatment,
[Hb2] = haemoglobin concentration post-treatment,
Hct1 = haematocrit pre-treatment,
Hct2 = haematocrit post-treatment.

While this method assumes the F-cell ratio remains constant, Maw (1994) found this
method to accurately reflect the magnitude of acute changes in the intravascular fluid
volume, measured using radionuclide dilution during postural and thermal manipulations.
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This volume change was then transformed to an absolute plasma volume using a prediction
equation for the baseline measurement of plasma volume (Pearson et al., 1995). Thus:
PV = (ÄPV / 100) @ (1578 @ S)

(Equation 2.9)

where: PV = absolute plasma volume (mL)
ÄPV = change in plasma volume (%)
1578 = constant derived from Pearson et al. (1995)
S = surface area (m2; see Equation 2.1)

2.2.3.4.2 Renal function
Renal function was assessed by determining urine output and urine flow (Table 2.2). All
urine specimens used for analysis were midstream samples, but total urine volume was also
collected to measure total urine output (L) and calculate urine flow (mL@min-1).

2.2.3.4.3 Electrolyte concentrations
Electrolyte concentrations (mmol@L-1) were measured in whole-blood and plasma. Wholeblood samples were collected before and after each trial in a blood gas tube (heparin 50 I.U.
heparin@mL-1 of blood) and analysed immediately for sodium, potassium and chloride
concentration using a blood gas analyser (ABL77, Radiometer Pacific, Melbourne,
Australia). Another blood sample was collected simultaneously in a 7.5 mL lithium-heparin
tube (15 I.U. heparin@mL-1 of blood) and this sample was centrifuged at 2000g for 10 min
at 20oC. Plasma was extracted and the blood gas analyser was used again to determine the
sodium, potassium and chloride concentration, but now in the plasma. In addition, the
plasma content of these electrolytes was calculated by multiplying these concentrations by
the absolute plasma volumes, and were expressed in millimoles (mmol).

2.2.3.5 Cognitive function
Cognitive function and psychophysical states were assessed via three techniques: cognitive
performance tasks, electrophysiological measures, and sensation, comfort and mood ratings
(psychophysical and mood indices).

2.2.3.5.1 Cognitive performance tasks
Three cognitive tasks were performed within each trial: a visual perceptual task, which was
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administered at two different levels of difficulty (easy and difficult); a working memory
task (n-back), which was administered at a difficulty level approximately equal to that of
the difficult perceptual task; and a letter identification task, to evaluate the affect of the
experimental treatment on visual acuity, since this can confound data interpretation when
performance tasks rely on visual cues. Task difficulty between and within performance
tasks has rarely been controlled in previous investigations and this was a unique design
characteristic of the current experiment. Matching difficulty levels between the difficult
perceptual and working memory tasks allowed for inter-task comparisons between these
two cognitive domains. Furthermore, the affect of task difficulty within the visual
perceptual domain could be evaluated.

The visual perceptual task consisted of a series of 320 crosses that appeared for 200 ms
each in the centre of a computer screen, positioned 1.6 m away from the subject’s eyes,
with the centre of the screen at eye level. The stimuli came in the form of a change in line
thickness of one arm of the crosses, with half of the stimuli presented as distractors (nontarget images; Figure 2.4A). Subjects were required to respond as quickly as possible, by
pressing a button on a response pad, each time a cross appeared with unequal line thickness
in either of its two arms, which constituted a target image (Figure 2.4B and 2.4C). By
manipulating arm thickness of the crosses, it allowed for each subject to have
individualised stimulus parameters, with a clear separation between the easy and difficult
version of the task, and difficulty levels that were unlikely to be affected by floor affects.
These individualised difficulty levels were established in a calibration procedure during the
familiarisation session. In between the image of the crosses, a checker pattern (Figure 2.4D)
was shown for 500 ms, followed by a blank screen for 300 ms. This checker pattern was
a visual mask designed to reduce the sensory memory trace and minimise the affect that a
stimulus may have on a subsequent stimulus. Each perceptual task ran for 5 min and 20 s,
with the first 20 stimuli not scored.

The n-back task was used to assess working memory. In the centre of a computer screen,
a sequence of 300 consonants from the Latin alphabet (plus 60 practise stimuli) was
presented for 1000 ms each. Letters were 2 cm wide and 4 cm high, with half presented in
upper case. Subjects were asked to respond as quickly as possible by pressing a button on
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(A)

(B)

(C)

(D)

Figure 2.4: Examples of the cross stimuli used in the visual perceptual task: (A) the control
stimulus, (B) easy perceptual task target stimulus (i.e. one diagonal line is much thicker),
(C) difficult perceptual task stimulus (i.e. one diagonal line is only slightly thicker), (D)
visual mask provided between each stimulus. Images are not to scale.
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a response pad each time a letter appeared that was the same as the letter presented two
places before (n=2), regardless of the case of the letter. Such letters were the target letters,
which comprised half of the stimuli. The n-back task ran for 6 min, with the first 60 stimuli
not scored.

The letter identification task was a supplementary task used to test whether visual acuity
was affected as a result of the experimental manipulations during these trials. That is, it was
not an experimental task, but a quality control task. The task consisted of 60 stimuli
(consonants from the Latin alphabet) presented for 1000 ms each in the centre of a
computer screen. Subjects responded as quickly as possible by pressing a button on a
response pad each time the letter ‘b’ appeared, regardless of the case of the letter. Half of
the letter stimuli were targets, and the identification task ran for 1 min.

During the familiarisation session (Section 2.2.2.4), each subject practised these
performance tasks to minimise any confounding factors due to learning or strategy
selection. Pilot tests confirmed that the number of stimuli selected for each practise task
was sufficient to remove these affects. Subjects were provided with written and verbal
instructions before commencing each task, and their progress was monitored during the
practise sessions to ensure each task was understood. In between blocks, a screen appeared
with detailed instructions of the task, and subjects were allowed a short break if required.

Furthermore, this session was used to establish each subject’s individual difficulty level for
the working memory (n-back) task, which was then matched to an approximately equal
level for their difficult perceptual task. Firstly, subjects performed a modified version of the
working memory task, consisting of 536 letter stimuli (50% targets), which were divided
into five blocks: 34 stimuli in blocks 1 and 2, 68 stimuli in block 3 and 200 stimuli in
blocks 4 and 5. The percentage of correct responses in blocks 4 and 5 were averaged and
this score was used to match to the difficulty level of the difficult perceptual task. Secondly,
subjects performed a modified version of the perceptual task. This calibration task consisted
of 640 stimuli (50% targets), divided into 8 blocks (80 stimuli each), ranging from very
easy (100% accuracy) to extremely difficult (<50% accuracy), with a 0.20 point increase
in difficulty level for each block. Thus, a descending method of limits was used to
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determine the crude difficulty level required to match the accuracy of the perceptual task
with that from the working memory task. Thirdly, subjects performed a second calibration
task, but now commencing at a more difficult level (~80% accuracy) and with smaller
increments in difficulty level (0.05 points) between blocks. Thus, the perceptual task was
started closer to the predicted percentage accuracy matching that of the working memory
task, and the smaller increments made it possible to match these two difficulty levels with
more precision. The descending method of limits was used again, which consisted of 540
stimuli (50% targets) and was divided into 9 blocks (60 stimuli each).

From the first calibration task, the difficulty level for the easy perceptual task was
determined as the most difficult level at which the subject could still perform the task at
100% (±5) accuracy. This difficulty level was chosen so that subjects would be able to
perform the task easily, however, some attention was required to successfully complete the
task. The second calibration task was used to determine the difficulty level for the difficult
perceptual task as the most difficult level at which the accuracy was closest (±5%) to the
accuracy of the working memory task.

Each performance task was administered in a counterbalanced order and the stimulus
sequence within each task was randomly assigned to subjects. All tasks were presented
using Stim2 software (version 4, Compumedics, El Paso, Texas, U.S.A.) and the variables
of the responses were recorded using Neuroscan software and hardware (version 4.5,
Compumedics, El Paso, Texas, U.S.A.). The variables recorded and analysed for each
performance task were accuracy (number of correct responses) and reaction time of the
correct responses.

Performance accuracy data were further analysed according to the signal detection theory
model (Green and Swets, 1966). Hit scores (H) and false alarm scores (F) were calculated
by dividing the number of hits or false alarms by the number of targets or distractors,
respectively. Sensitivity was then determined from the statistic d-prime, which corresponds
to the distance between the signal and the signal plus noise, i.e. the difference between hit
and false alarm scores, and was calculated as the difference between the z-transforms of
these rates (Macmillan and Creelman, 1990):
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d-prime = z(H) - z(F)

(Equation 2.10)

Perfect hit or false alarm scores were adjusted as follow (Macmillan and Creelman, 1991):
Hits: 1 - 1/(2 @ number of hits)

(Equation 2.11)

False alarms: 1/(2 @ number of false alarms)

(Equation 2.12)

Using these equations, the highest obtained d-prime was calculated to be 5.43 (150 hits, 0
false alarms) and, likewise, the lowest d-prime was -5.43 (0 hits, 150 false alarms). This
sensitivity index relates to the subject’s ability to distinguish accurately between stimuli
(i.e. targets and distractors), with high sensitivity referring to a good ability to discriminate,
and low sensitivity to poor ability (Macmillan and Creelman, 1991).

In addition, response bias was estimated from the statistic criterion and was defined as
(Macmillan and Creelman, 1990):
Criterion = -0.5[z(H) + z(F)]

(Equation 2.13)

Response bias reflects the tendency of an individual to select differentially one response
option (i.e. respond versus withhold response) over the other, independent of discriminative
ability. The sign of this value reveals the response strategy that was selected by these
subjects, with negative values relating to liberal responders (i.e. respond more often) and
positive values to conservative responders (i.e. withhold response more often).

2.2.3.5.2 Electrophysiological measures
Resting EEG data were recorded during eyes-closed conditions from six Ag-AgCl
electrodes (F3, F4, CP3, CP4, O1, O2; Figure 2.5), mounted in an elastic cap (SynAmps2
Quick-Cap, Neuroscan, Compumedics Limited, Abbotsford, Australia). Electrode positions
included the standard 10-20 system locations and intermediate positions (Jasper, 1958).
EEG electrodes were grounded midway between Fz and FPz (G) and referenced midway
between Cz and CPz (R; Figure 2.5). To monitor occular artefacts, electroocculogram
(EOG) was recorded using Ag-AgCl electrodes placed above (E1) and below (E3) the left
eye, and at the outer canthi of the left (E5) and right (E6) eye. Horizontal EOG was derived
as E5-E6. All electrode impedances were below 5 kÙ at the start of the recording. The
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Figure 2.5: Schematic representation of the electrode positions used in this experiment,
based on the standard 10-20 system locations and intermediate positions. Each electrode
site has a letter to identify the cerebral lobe (frontal, central-parietal, occipital), along with
a number or another letter to identify the hemispheric location (left: odd numbers; central
mid-line: letter z; right: even numbers). Electrode sites that were active during EEG
recordings are displayed in black, including the ground (G) and reference (R) electrodes.
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EEG/EOG data were amplified with a gain of 1500, digitised at 500 Hz, and digitally
filtered using a 0.05 to 40 Hz (24 dB/octave roll-off) bandpass filter (NuAmps, Neuroscan,
Compumedics Limited, Abbotsford, Australia). Continuous EEG/EOG data were stored for
subsequent offline analysis.

EEG data were analysed offline using Neuroscan software (Scan 4.5). Vertical EOG was
calculated as E1-E3 and radial EOG as (E1+E3)/2. Data were rereferenced to digitally
linked mastoids, lowpass filtered at 30 Hz (12 dB/octave roll-off), EOG corrected (Croft
and Barry, 2000), epoched into 2-s sweeps and baseline corrected. Before averaging, an
automatic artefact rejection procedure identified and rejected sweeps with activity
exceeding ±100 µV in any of the scalp channels. For each subject, average power spectra
were calculated using fast Fourier transforms with a 2-s Cosine window. At each electrode,
absolute power in the alpha (8-13 Hz) and beta (13-30 Hz) bands was calculated. Each
power band was examined for differences due to the experimental manipulation (moderate
hyperthermia) as well as electrode topography (i.e. sagittal and lateral dimension). For the
sagittal dimension, EEG data were averaged for three regions: frontal (F3, F4), centralparietal (CP3, CP4) and occipital (O1, O2). For the lateral dimension, EEG data were
averaged for two regions: left hemisphere (F3, CP3, O1) and right hemisphere (F4, CP4,
O2). In addition, mean data were linearised using log transformation (i.e. natural
logarithm).

2.2.3.5.3 Psychophysical indices and mood states
Since cognitive function measures are influenced by emotions (Segrave et al., 2012),
relevant psychophysical variables and mood states were also examined during these
experiments. Subjective ratings of three thermal, psychophysical variables (thermal
sensation, thermal discomfort, thirst sensation) and sleepiness were recorded at baseline,
after completion of the cognitive performance tasks and during the physiological
measurement period of each trial (Table 2.2). Subjects were provided with the relevant
subjective scales prior to starting each trial, with written and oral instructions on how to use
each scale (Figure 2.6).

Thermal sensation was assessed using a modified version of the Gagge scale (Gagge et al.,
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C

B

D

Figure 2.6: Psychophysical scales (not to scale) administered during the experimental
trials: (A) thermal sensation, (B) thermal discomfort, (C) thirst sensation, and (D)
Karolinska sleepiness scale.
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1967). The question was asked: “How does the temperature of your body feel?”. Another
modified Gagge scale (Gagge et al., 1967) was used to evaluate thermal discomfort, and
subjects were asked: “How comfortable do you feel with the temperature of your body?”.
Subjects rated their sensation of thirst using a thirst sensation scale (Engell et al., 1987).
The question was asked: “How thirsty do you feel?”. The Karonlinska sleepiness scale
(Åkersted and Gillberg, 1990) was used to describe alertness or sleepiness during each trial,
and subjects were asked: “How alert or sleepy do you feel?”.

In addition, subjects were asked to complete a visual analogue mood scale (Bond and
Lader, 1974) at baseline, prior to commencing the cognitive performance tasks and prior
to physiological measures being taken (Figure 2.7). This scale consisted of 16 mood and
mental state classifications, with each of these represented by a 100-mm horizontal line and
key words at either end of the line. Subjects were asked to rate their feelings by placing a
mark perpendicularly across each line. The mark reflected their perception of where they
were presently situated with respect to the extremes of each classification. Each mood state
was quantified by measuring the distance in millimetres to each mark. Three factors were
extracted from these 16 mood states and the mean score of each factor was calculated.
Factor one represented alertness and consisted of nine states: alert/drowsy,
attentive/dreamy, energetic/lethargic, clear-headed/muzzy, well-coordinated/clumsy, quickwitted/mentally slow, strong/feeble, interested/bored, proficient/incompetent. Factor two
characterised contentedness

and

was

derived

from

five

states:

happy/sad,

amicable/antagonistic, tranquil/troubled, contented/discontented, sociable/withdrawn.
Factor three described calmness and contained two states: calm/excited, relaxed/tense.
Thus, these 16 items on the visual analogue mood scale resulted in three categories of
subjective feelings: alertness, contentedness and calmness.

2.2.4 Experimental design and statistical analyses
This study was based upon a repeated measures design, with subjects (N=8; unless stated
otherwise) acting as their own controls, and participating in all trials. The experimental
design (Figure 2.8) consisted of one factor (thermal state) with two levels (thermoneutral
and hyperthermia), and comparisons were made across these levels.
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Figure 2.7: Visual analogue mood scale that was completed by each subject during the
experimental trials, including the instructions and the 16 mood and mental state
classifications, which were separated by a 100-mm horizontal line (not to scale).
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Figure 2.8: Experimental design of study one: moderate hyperthermia and euhydration.
Physiological regulation and cognitive function were evaluated in euhydrated, resting
individuals in both thermoneutral and hyperthermic states. Comparisons were made along
the abscissa (x-axis) only.
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2.2.4.1 Statistical analyses: physiological data
Physiological data, including the psychophysical indices and mood states, were analysed
using parametric tests. Multiple t-testing was undertaken using the Hotelling’s T2
procedure, which adjusts for correlations between dependent variables and for the fact that
simultaneously testing more than one dependent variable causes the univariate tests to be
positively biased. Alpha was set at the 0.05 level for all statistical comparisons, with data
reported as means and standard errors of the means (±), unless stated otherwise as standard
deviation (SD). In all cases of non-significant differences, post hoc power analyses were
performed to evaluate the strength of the experimental design (Cohen, 1988), in which a
statistical power of greater than 0.8 (i.e. beta <0.2) was considered statistically powerful.
Furthermore, biological variation analysis was performed to quantify the components of
analytical and biological variability. Analytical coefficients of variation were calculated for
measures that were performed in duplicate (serum and urine osmolality) and triplicate
(baseline body mass) to assess the variability in these analytical procedures, whereas intraindividual coefficients of variation were determined for all baseline ratio measures to assess
day-to-day variability in subject status. All coefficients of variation were calculated by
dividing the respective standard deviation by the mean, after which values were multiplied
by 100 to allow variability to be expressed in percent.

2.2.4.2 Statistical analyses: cognitive function data
Due to the exploratory nature of this aspect of the project, and the relatively small sample
size for these type of measures, planned non-parametric comparisons were considered to
be more appropriate for the cognitive function measures. Since these do not have the degree
of flexibility that parametric tests have, simplified group variables were computed for the
performance and electrophysiological measures to allow relevant hypothesis to be tested.
Differences between three or more groups were identified using the Friedman test, followed
by Wilcoxon signed-rank post hoc tests conducted with a Bonferroni correction applied.
Differences between two groups were identified using the Wilcoxon signed-rank test. Alpha
was initially set at the 0.05 level for all comparisons, with data reported as means and
standard errors of the means (±), unless stated otherwise as standard deviation (SD).
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2.2.4.2.1 Cognitive performance tasks
Each variable recorded and computed for the performance tasks (i.e. accuracy, reaction
time, sensitivity index and response bias) was analysed separately to evaluate the thermal
affects upon cognitive domain and task difficulty.

For cognitive domain, data from the working memory and difficult perceptual tasks were
compared and the following grouped categories were computed: (1A) working memory,
with data from the working memory tasks averaged across the two thermal states; (1B)
difficult perceptual, with data from the difficult perceptual tasks averaged across the two
thermal states; (1C) thermoneutral, with data from the thermoneutral trials averaged across
these two tasks; (1D) hyperthermia, with data from the hyperthermia trials averaged across
these two tasks. These groups were then compared to evaluate the affects on cognitive
domain (1A versus 1B) and temperature (1C versus 1D). Furthermore, the interaction
between cognitive domain and temperature was assessed by computing the difference
between the thermoneutral and hyperthermia trials for each of the working memory (group
1E) and difficult perceptual task (group 1F), and by comparing these groups.

Similarly, for task difficulty the data from the easy and difficult perceptual tasks were
compared, with the following grouped categories computed: (2A) easy perceptual, with data
from the easy perceptual task averaged across the two thermal states; (2B) difficult
perceptual, with data from the difficult perceptual tasks averaged across the two thermal
states; (1C) thermoneutral, with data from the thermoneutral trials averaged across these
two tasks; (1D) hyperthermia, with data from the hyperthermia trials averaged across these
two tasks. These groups were then compared to evaluate the affects on task difficulty
(group 1A versus 1B) and temperature (1C versus 1D). In addition, the interaction between
task difficulty and temperature was assessed by computing the difference between the
thermoneutral and hyperthermia trials for each of the easy perceptual (group 1E) and
difficult perceptual task (group 1F), and comparing these groups.

2.2.4.2.2 Electrophysiological measures
Alpha and beta power were analysed separately to explore the thermal affects upon these
spectral bands in the eyes-closed condition. Within each band, data from all six electrodes
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(F3, F4, CP3, CP4, O1, O2) were used to compute the following groups for the
topographical dimensions (i.e. sagittal and lateral) and temperature.

For the topographical dimensions, mean data from the frontal (F3, F4), central-parietal
(CP3, CP4) and occipital (O1,O2) electrode sites were averaged across the two thermal
states, and these three groups were compared to evaluate differences in the sagittal
dimension. Also, mean data from the left (F3, CP3, O1) and right hemisphere (F4, CP4,
O2) were averaged across the two thermal states, and these two groups were compared to
assess differences in the lateral dimension.

For temperature, mean data from each of the thermoneutral and hyperthermia trials were
averaged across sagittal and lateral dimensions (F3, F4, CP3, CP4, O1, O2), and these two
groups were compared to determine global changes as a result of the temperature
manipulation.

Furthermore, additional groups were computed to assess possible interactions between
temperature, sagittal and lateral dimensions. Firstly, the differences between the left and
right hemisphere for the frontal, central-parietal and occipital regions (three groups) were
calculated to assess the interaction between the sagittal and lateral dimension. Secondly,
the differences between the thermoneutral and hyperthermia trials for the frontal, centralparietal and occipital areas (three groups) were computed to determine the interaction
between temperature and the sagittal dimension. Thirdly, the differences between the left
and right hemisphere for the thermoneutral and hyperthermia trials (two groups) were
calculated to evaluate the interaction between temperature and the lateral dimension.
Finally, the interaction between temperature, sagittal and lateral dimension was explored
by computing the differences between the thermoneutral and hyperthermia trials for the left
and right hemisphere within the frontal, central-parietal and occipital regions (three groups).

2.3 RESULTS
2.3.1 Pre-experimental standardisation
Since the objective of this study was to evaluate the independent influence of thermal strain
upon physiological regulation and cognitive function, it was important to ensure minimal
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inter-individual variability in the pre-experimental physiological status of subjects across
trials. Table 2.3 contains physiological data recorded at baseline for the thermoneutral and
hyperthermia trials. Thermal and cardiovascular states were standardised across these trials,
with no between-trial differences in pre-experimental states of these subjects (Table 2.3;
P>0.05 and power >0.8 for each comparison). Furthermore, hydration status was confirmed
and all subjects commenced each trial in an euhydrated state (urine specific gravity <1.021;
Armstrong et al., 1994). According to the urinary indices (i.e. urine specific gravity and
urine osmolality), subjects were better hydrated at baseline in the hyperthermia trial
compared to the thermoneutral trial (Table 2.3; P<0.05 for each comparison). However, this
difference in hydration status was not evident in other commonly used hydration indices,
such as body mass, plasma volume and blood constituents (Table 2.3; P>0.05 and power
>0.8 for each comparison). In addition, intra-individual variability between trials was
minimal for each of these baseline measures (Table 2.3), except for an inherently higher
variability in urine osmolality. Since these baseline data matched those which may be
expected within the resting state for healthy subjects (Holmgren et al., 1960; Hardy and
Stolwijk, 1966; Pearson et al., 1995; Kratz et al., 2004), it can be assumed that differences
observed during experimental treatments may be wholly associated with normal
physiological function, as influenced by the thermal manipulations used within the current
study.

2.3.2 Experimental treatment: isothermal clamping technique
An isothermal clamping technique (see Section 2.2.2.2) was used to ensure thermal stability
during each experimental trial. The aim of this technique was to manipulate the core and
skin temperatures of each subject at either a thermoneutral or moderate hyperthermic level,
and then to clamp this temperature throughout each trial.

Core temperature was measured at three sites: oesophagus, auditory canal and rectum. The
typical temperature pattern of these sites is displayed in Figure 2.9, which illustrates the
core temperature indices of one subject (S8) during the thermoneutral (A) and hyperthermia
trial (B) from pre-immersion (0 min) until trial termination (114 min). Each index
functioned according to its anatomical site, i.e. these tissue temperatures and their rate of
change were dictated by local heat production and thermal energy transfers. Oesophageal
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Table 2.3: Physiological variables recorded at rest during baseline for the thermoneutral
and hyperthermia trials, with biological variation in subject status between trials
represented by intra-individual coefficients of variability (CVI). Data are means with
standard errors of the means (N=8). Significant differences (P<0.05) are indicated by the
symbol: (*) thermoneutral versus hyperthermia.
Variable

Thermoneutral

Mean core temperature (oC)

37.13 ±0.08

37.06 ±0.08

-

Mean skin temperature (oC)

32.09 ±0.21

32.10 ±0.22

-

Mean body temperature (oC)

36.12 ±0.07

36.07 ±0.08

-

Heart rate (beats@min-1)

67 ±4

66 ±2

6.2

Systolic blood pressure (mmHg)

124 ±3

127 ±4

3.7

Diastolic blood pressure (mmHg)

77 ±3

82 ±2

5.6

Mean arterial pressure (mmHg)

93 ±2

97 ±2

3.8

Body mass (kg)

73.98 ±3.09

74.35 ±3.07

0.5

Urine specific gravity

1.016 ±0.003

1.007 ±0.002 *

0.7

Urine osmolality (mOsm@kg H2O-1)

452 ±97

177 ±52 *

27.4

Plasma volume (L)

2.66 ±0.06

2.65 ±0.13

5.5

Haematocrit (%)

49 ±1

48 ±1

4.6

16 ±0

16 ±0

4.7

Sodium concentration (mmol@L-1)

137 ±1

138 ±1

1.2

Potassium concentration (mmol@L-1)

3.7 ±0.1

3.6 ±0.1

3.3

Chloride concentration (mmol@L-1)

106 ±1

106 ±1

1.3

Haemoglobin concentration
(g@100 mL-1)

Hyperthermia CVI (%)

Note: Electrolyte concentrations were measured in whole-blood samples collected during
baseline.
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Figure 2.9: Core temperature indices from three sites and the mean of these sites measured
during the thermoneutral (A) and hyperthermia trials (B) from pre-immersion (0 min) until
trial termination (114 min). Vertical lines represent the different phases during each trial.
Sudden declines in oesophageal temperature (dark grey, solid) are caused by drinking (i.e.
subject consumed 250-300 mL of isotonic-fluid at room temperature at 1 and 85 min during
the thermoneutral trial and at 1, 15, 35, 65, 75, 81, 90 and 103 min during the hyperthermia
trial) and these data were removed before further analysis. Data are from one subject (S8)
only.
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temperature was measured at the level of the ventricles, where it rapidly tracked changes
in the thermal content of the central blood volume (Whitby and Dunkin, 1971; Shiraki et
al., 1986). Auditory canal temperature followed a similar pattern to oesophageal
temperature in both trials, but was generally lower and had a slower response time to
changes in temperature. Rectal temperature was the least sensitive index used in this
experiment, due to the lack of perfusion in this area with any major blood vessels (Molnar
and Read, 1974), resulting in a much slower response time compared to the other indices,
particularly in the hyperthermia trial. However, the sensitivity of these indices was of lesser
importance in the current experiment, as thermal stability was maintained and measures
were conducted in steady-state conditions only. Nevertheless, these differences reaffirmed
the distribution of core temperature across different sites. Therefore, core temperature was
derived as the mean of these three sites to obtain a more representative indication of core
temperature.

An example of the temperature manipulations during the isothermal clamping technique
are presented in Figure 2.10, which displays the temperature patterns for mean core (A),
mean skin (B) and mean body temperature (C) of one subject (S8) during the thermoneutral
and hyperthermia trial from pre-immersion (0 min) until trial termination (114 min). A
similar pattern was typically evident during each trial for each of these temperatures,
although controlled at different thermal states. A clear separation between thermal states
was established, with on average a 1.1oC difference in mean core temperature, a 6.3oC
difference in mean skin temperature, and a 2.2oC difference in mean body temperature, with
these differences being significant for each of mean core (P<0.01; Table 2.4), mean skin
(P<0.01; Table 2.4), and mean body temperature (P<0.01; Table 2.4). Moreover, only mean
skin temperature decreased in the thermoneutral condition while physiological measures
were taken (P<0.05; Table 2.4), while no within-trial differences were present at either
thermal state for mean core and mean body temperatures (P>0.05 and power >0.8 for each
comparison).

Furthermore, subjects commenced each trial in an euhydrated state (urine specific gravity
<1.021; Armstrong et al., 1994), and this state was then maintained throughout the rest of
the trial by controlled (isotonic) fluid administration. Subjects consumed on average 0.89L
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Figure 2.10: An example of the temperature manipulation used in the isothermal clamping
technique, displaying mean core (A), mean skin (B) and mean body (C) temperature in the
thermoneutral (grey) and hyperthermia (black) trials from pre-immersion (0 min) until trial
termination (114 min). Vertical lines represent different phases during these trials, and data
are from one subject (S8) only.
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Table 2.4: Physiological variables recorded at rest during two separate experimental phases, averaged over the first minute (start), last minute (finish)
and entire cognitive assessment phase or final ten minutes of the physiological measurement phase (average), in thermoneutral and hyperthermia
conditions. Data are means with standard errors of the means (N=8). Significant differences (P<0.05) are indicated by the symbol: (*) thermoneutral
versus hyperthermia, (¶) start versus corresponding end.
Cognitive function assessment
Variable

Mean core
temperature (oC)

Mean skin
temperature (oC)

Mean body
temperature (oC)

Physiological measures

Time
Thermoneutral

Hyperthermia

Thermoneutral

Hyperthermia

Start

37.03 ±0.07

38.25 ±0.04*

37.00 ±0.08

38.12 ±0.15*

End

36.91 ±0.07

38.47 ±0.11*

37.03 ±0.08

38.09 ±0.16*

Average

36.96 ±0.07

38.48 ±0.09*

37.02 ±0.08

38.11 ±0.16*

Start

32.94 ±0.19

37.55 ±0.20*

32.18 ±0.12

38.07 ±0.27*

End

33.55 ±0.22

37.82 ±0.18*

31.19 ±0.13¶

37.93 ±0.18*

Average

33.30 ±0.20

37.79 ±0.17*

31.70 ±0.12

38.04 ±0.21*

Start

36.21 ±0.08

38.16 ±0.07*

36.04 ±0.07

38.12 ±0.16*

End

36.34 ±0.09

38.38 ±0.12*

35.86 ±0.07

38.08 ±0.15*

Average

36.23 ±0.09

38.38 ±0.10*

35.96 ±0.07

38.11 ±0.16*
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Table 2.4: Continued.
Cognitive function assessment
Variable

Body-mass
changes (%)
Heart rate
(beats@min-1)

Physiological measures

Time
Thermoneutral

Hyperthermia

Thermoneutral

Hyperthermia

Start

0.04 ±0.09

0.40 ±0.15

0.00 ±0.11

1.02 ±0.25

End

0.00 ±0.11

1.02 ±0.25

0.29 ±0.13

0.61 ±0.44

Average

0.02 ±0.08

0.71 ±0.15

0.14 ±0.09

0.82 ±0.33

Average

60 ±3

112 ±4*

60 ±3

105 ±4*
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(±0.18) and 2.71 L (±0.18) of fluids (in 250-300 mL aliquots) during the thermoneutral and
hyperthermia trial, respectively. Hydration level was tracked throughout each trial from
changes in semi-nude body mass (Table 2.4), and no differences were present between or
within the thermoneutral and hyperthermia trials (P>0.05 and power >0.8 for each
comparison). Furthermore, there were no differences in urine specific gravity
(thermoneutral: 1.003 ±0.001; hyperthermia: 1.010 ±0.002) or urine osmolality
(thermoneutral: 93 ±12 mOsm@kg H2O-1; hyperthermia: 228 ±50 mOsm@kg H2O-1; P>0.05
and power >0.8 for each comparison) between these trials.

Thus, it can be concluded that the required experimental control was achieved, with mean
body temperature clamped at either a thermoneutral or hyperthermic level. Furthermore, a
level of euhydration was maintained throughout each trial to separate the thermal and
hydration affects upon physiological regulation and cognitive function. Therefore, it can be
assumed that any changes observed in physiological regulation or cognitive function in this
experiment were highly probable to have resulted from alterations in thermal state alone.

2.3.3. Cardiovascular responses
In the thermoneutral condition, forearm blood flow was controlled at a low level (Figure
2.11). The elevated thermal strain resulted in a significant increase in forearm blood flow
(Figure 2.11; P<0.01), to enhance convective heat transfer from the body core to the skin
surface for heat dissipation. Forearm vascular conductance was equally low in the
thermoneutral state and also increased significantly during heat strain (P<0.01; Figure
2.11). Similarly, cutaneous blood flow and vascular conductance, which were expressed as
a percentage of the corresponding thermoneutral values, were elevated by 124.4% (±43.3;
P<0.05) and 132.3% (±25.5; P<0.05) in the hyperthermia condition. Since blood flow is
inherently dependent on blood pressure, only forearm and cutaneous vascular conductance
will be discussed in the subsequent chapters.

Since vasomotor function ultimately supports blood pressure regulation, these changes did
not occur in isolation, but were part of a coordinated response of the entire cardiovascular
system. Figure 2.12 displays the typical heart rate response during these trials for one of the
subjects (S8) from pre-immersion (0 min) until trial termination (114 min). As expected,
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Figure 2.11: Forearm blood flow responses recorded at rest during the physiological
measurement phase in thermoneutral (grey) and hyperthermia (black) conditions. Forearm
blood flow (open) is presented on the left ordinate and forearm vascular conductance (cross
hatched) on the right ordinate. Data are means with standard errors of the means (N=8).
Significant differences (P<0.05) are indicated by the symbol: (*) thermoneutral versus
hyperthermia.
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Figure 2.12: An example of the heart rate response during the thermoneutral (grey) and
hyperthermia (black) trials from pre-immersion (0 min) until trial termination (114 min).
Vertical lines represent different phases during these trial. Data are from one subject (S8)
only.
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heart rate was controlled at a steady state during the physiological measurement phase in
each trial, although at a different level of cardiovascular strain. On average, there was a
difference of 48 beats@min-1 between trials for this subject once water-immersion was
completed and each thermal state was achieved. Heart rate responses during the
physiological measurement phase were then averaged for all subjects (Table 2.4), which
resulted in a significant elevation of 77% during the hyperthermic relative to thermoneutral
resting values for these subjects (P<0.01).

Although subjects experienced significant thermal and cardiovascular strain in these
experimental conditions, blood pressures were well regulated (Figure 2.13), and no
significant differences were observed for systolic (P>0.05; power >0.8) or diastolic blood
pressure (P<0.05; power >0.8) between the thermoneutral and hyperthermia conditions. As
a result, mean arterial pressure was not affected by moderate hyperthermia (P>0.05; power
>0.8). However, these values differed from the respective baseline data (Table 2.3) in the
hyperthermia condition (P<0.05 for each comparison; Figure 2.13).

In summary, the temperature manipulation used in these experiments increased
cardiovascular strain as was evident from significant elevations in skin blood flow, vascular
conductance and heart rate. However, mean arterial pressure was not compromised, since
only a modest, non-significant reduction was observed.

2.3.4 Body-fluid responses
Total-body sweat loss was determined from body-mass changes, corrected for fluid intake
and urine production. On average, subjects lost 0.06 kg (±0.06) in the thermoneutral trial
and 1.66 kg (±0.18) in the hyperthermia trial (P<0.01), which corresponds to whole-body
sweat rates of 0.20 L@h-1 (±0.03) and 1.58 L@h-1 (±0.14; P<0.01) for each of these trials. In
addition, local sweat rates were measured at four sites: forehead, chest, scapula and
forearm. However, due to the nature of these trials (i.e. donning of clothing in combination
with high sweat rates), data collection for local sweat rates experienced difficulties in the
hyperthermia condition, resulting in a low number of capsules available for the
determination of average sweat rate at each site. Therefore, only local sweat rates at the
forehead (N=7) and scapula (N=4) were compared between trials. As expected, local sweat
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Figure 2.13: Blood pressures measured at rest during the physiological measurement phase
in thermoneutral (grey) and hyperthermia (black) conditions, including systolic, diastolic
and mean arterial pressure. White bars before each trial specific bar show the preexperimental baseline data. Data are means with standard errors of the means (N=8).
Significant differences (P<0.05) are indicated by the symbol: (*) baseline versus
experimental values.
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rates were low in the thermoneutral condition, averaging 0.07 mg@cm-2@min-1 (±0.02) at the
forehead and 0.13 mg@cm-2@min-1 (±0.13) at the scapula. During moderate hyperthermia,
local sweat rates were significantly greater at each site, averaging 7.32 mg@cm-2@min-1
(±0.44; P<0.05) at the forehead and 4.19 mg@cm-2 @min-1 (±0.44; P<0.01) at the scapula.
Furthermore, sweat rate at the forehead was greater than that at the scapula during this trial
(N=4; P<0.01).

Although the euhydrated state was maintained throughout these experimental trials by
controlled (isotonic) fluid administration matching sweat loss (see Section 2.3.2), with the
current sweat rates being as high as 1.58 L@h-1 (ranging between 1.00 and 2.28 L@h-1) in the
hyperthermia condition, significant changes in the plasma space still occurred. Plasma
volume changes were determined from haematocrit and haemoglobin concentration. These
blood constituents increased significantly in the hyperthermia compared to the
thermoneutral condition (P<0.05 for each comparison; Table 2.5), resulting in a 17.0%
(±5.0) decrease in plasma volume from 2.75 L (±0.09) in the thermoneutral to 2.26 L
(±0.10) in the hyperthermia trial (P<0.05).

Furthermore, a significant loss of solutes from the plasma occurred. During moderate
hyperthermia, plasma sodium content decreased 19% (±5), plasma potassium content
declined 22.9% (±5.8) and plasma chloride content reduced 17% (±5; P<0.05 for each
comparison; Table 2.5). Thus, although sweating results in both fluid and electrolyte loss,
proportionally more electrolytes were lost from the plasma in the hyperthermia trial. This
net loss of electrolytes was also reflected in the plasma concentrations, with respective
concentrations decreasing 2% (±1) for sodium and 7.6% (±2.4) for potassium in the
hyperthermia condition (P<0.05 for each comparison; Table 2.5), whilst the plasma
chloride concentration remained unchanged (P>0.05; power >0.8; Table 2.5). As a result
of these changes in electrolyte content, a 3% (±1) reduction in serum osmolality was
observed in the hyperthermia compared to the thermoneutral condition (P<0.05; Table 2.5).
Overall, these results suggest that the isotonic-fluid replacement strategy used in this study
was inadequate for electrolyte replacement, resulting in a reduced but diluted plasma in the
hyperthermia condition.
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Table 2.5: Blood plasma constituents and renal function measured at rest during the
physiological measurement phase in thermoneutral and hyperthermia conditions. Data are
means with standard errors of the means (N=8). Significant differences (P<0.05) are
indicated by the symbol: (*) thermoneutral versus hyperthermia.
Variable

Thermoneutral

Hyperthermia

Haematocrit (%)

48 ±0

51 ±1 *

Haemoglobin (g@100 mL-1)

16 ±0

17 ±0 *

Sodium concentration (mmol@L-1)

137 ±1

134 ±1 *

Sodium content (mmol)

378 ±13

303 ±14 *

Potassium concentration (mmol@L-1)

3.9 ±0.1

3.6 ±0.1 *

Potassium content (mmol)

10.6 ±0.4

8.1 ±0.5 *

Chloride concentration (mmol@L-1)

106 ±1

105 ±1

Chloride content (mmol)

291 ±11

238 ±10 *

Serum osmolality (mOsm@kg H2O-1)

280 ±1

272 ±3 *

Urine output (L)

0.63 ±0.06

0.30 ±0.10 *

Urine flow (mL@min-1)

10.8 ±6.0

5.5 ±4.0 *
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Since renal function is largely dependent on renal blood flow, and since passive heating
almost invariably causes a redistribution of plasma volume, significant reductions in urine
output were observed in these subjects, decreasing on average by 52.6% in the hyperthermia
trial (P<0.05; Table 2.5). Similarly, respective urine flows decreased on average by 49.1%
(P<0.05; Table 2.5). Thus, passive heating resulted in a decrease in urine production,
thereby defending plasma volume.

In summary, although the euhydrated state was maintained throughout these experimental
trials, passive heating caused a redistribution of body fluids in these subjects, resulting in
a decreased plasma volume. Furthermore, a significant loss of electrolytes from the plasma
occurred, leading to a decrease in serum osmolality. Nevertheless, a significant reduction
in urine production was observed during moderate hyperthermia to defend plasma volume.

2.3.5 Cognitive function
The assessment of cognitive function only commenced once steady-state thermal states
were achieved for each trial (see Figure 2.10). Similar to the physiological measurement
phase, thermal and hydration states were clamped during cognitive function testing (Table
2.4), with significant differences between the thermoneutral and hyperthermia conditions
for mean core (P<0.01), mean skin (P<0.01), and mean body temperature (P<0.01), but not
for hydration level (P>0.05; power >0.8). Furthermore, heart rate was elevated in the
hyperthermia relative to the thermoneutral condition (P<0.05; Table 2.4). Thus, passive
heating elevated thermal and cardiovascular strain during these experiments, and the
influences upon cognitive function were explored at these steady-states.

As expected, thermal sensation differed between these trial, with subjects reporting on
average feeling neutral (7.3) in body temperature during the thermoneutral trial and hot
(10.0) during the hyperthermia trial (P<0.05; Table 2.6). Similarly, subjects reporting
feeling comfortable (1.1) with the temperature of their body in the thermoneutral condition,
but slightly uncomfortable (2.8) in the hyperthermia condition (P<0.05; Table 2.6).
However, no differences were observed in thirst sensation (P>0.05; power >0.8) or their
state of alertness (P>0.05; power >0.8), with subjects reporting feeling not thirsty (1.3-1.9)
and neither alert nor sleepy (5.0-5.8) during these trials (Table 2.6). Similarly, no
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Table 2.6: Psychophysical indices and mood states recorded at rest during cognitive
function assessment in thermoneutral and hyperthermia conditions, including three thermal
and one sleepiness scale (N=8), and three factors for mood states (N=7). Data are means
with standard errors of the means. Significant differences (P<0.05) are indicated by the
symbol: (*) thermoneutral versus hyperthermia.
Variable

Thermoneutral

Hyperthermia

Thermal sensation (1-13)

7.3 ±0.2

10.0 ±0.3 *

Thermal discomfort (1-5)

1.1 ±0.1

2.8 ±0.3 *

Thirst sensation (1-9)

1.3 ±0.2

1.9 ±0.3

Sleepiness sensation (1-9)

5.8 ±0.8

5.0 ±0.5

Factor one: alertness (0-10)

3.1 ±0.8

3.7 ±0.9

Factor two: contentedness (0-10)

2.3 ±0.7

2.7 ±0.8

Factor three: calmness (0-10)

2.1 ±0.6

2.9 ±0.6

Notes: Numbers in parentheses represent the extremes on each psychophysical and mood
scale.
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differences were present for the three factors for mood states (P>0.05 and power >0.8 for
all comparisons), with subjects reporting the following mood states during these trials: alert
(3.1-3.7) for factor one, contented (2.3-2.7) for factor two and calm (2.1-2.9) for factor
three (Table 2.6). Thus, apart from the temperature sensitive ratings, subjects did not report
different sensations or moods between the thermoneutral and hyperthermia condition.
Therefore, it can be assumed that the emotional status of these subjects did not affect the
assessment of cognitive function in these experiments. Instead, any changes observed in
cognitive task performance or brain electrical activity were highly probable to have been
caused by moderate hyperthermia alone.

2.3.5.1 Cognitive task performance
2.3.5.1.1 Preliminary analysis
A unique design characteristic of this experiment was the control of difficulty levels
between and within performance tasks. Each subject’s individual difficulty level for the
working memory task was matched to an approximately equal level for the difficult
perceptual task, to allow for inter-task comparisons between these two separate cognitive
domains. In addition, an easier difficulty level of the perceptual task was applied during
each trial to enable comparisons within the visual perceptual domain. Figure 2.14 displays
the accuracy for each performance task for the thermoneutral, euhydrated trial. In this
control trial, subjects were significantly more accurate during the working memory task
compared to the difficult perceptual task (P<0.05). Thus, although the difficulty levels for
these two tasks were matched in the familiarisation session, this was not maintained in the
control trial. Therefore, it cannot be determined from these two tasks if these different
cognitive domains were equally affected by thermal strain. However, the accuracy of the
easy perceptual task was approximately equal to that of the working memory task (P>0.05),
and the fact that accuracy did not differ significantly between these tasks, allowed for
comparisons to be made between these two cognitive domains.

Similarly, difficulty comparisons within the visual perceptual domain were valid, as a
significant difference in accuracy was observed between the easy and difficult perceptual
tasks (P<0.05). Therefore, the results of this control trial verified that the task difficulty
manipulations were achieved. Furthermore, there were no indications of differences in
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Figure 2.14: Performance accuracy recorded at rest during the thermoneutral condition
(control trial) for three cognitive performance tasks: working memory, easy perceptual and
difficult perceptual task. Performance accuracy was matched for the working memory and
easy perceptual tasks (P>0.05) to evaluate the thermal affects upon these separate cognitive
domains, whilst the affects of task difficulty were explored within the perceptual domain.
Data are means with standard errors of the means (N=8). Significant differences (P<0.05)
are indicated by the symbols: (*) working memory versus difficult perceptual task, (§) easy
versus difficult perceptual task.
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accuracy for the letter identification task as a function of the temperature manipulation
(thermoneutral: 96.5 ±2.6%; hyperthermia: 98.5 ±0.5%; P>0.05). Thus, the cognitive
performance changes occurred independently of variations in visual acuity.

2.3.5.1.1 Main analyses: thermal affect upon cognitive domains
The first objective of these cognitive performance measures was to determine whether heat
strain affected different cognitive domains (i.e. task types) and comparisons were made
between the working memory and easy perceptual tasks. For accuracy, there were no main
effects of task type (P>0.05) or temperature (P>0.05), and no significant interaction was
present (P>0.05; Figure 2.15A). These data suggest that the total number of correct
responses (i.e. hits and correct rejections) was not influenced by moderate hyperthermia,
nor was it a function of the cognitive domain tested.

However, for reaction time there was a main effect of temperature (P<0.05; Figure 2.15B),
with faster reactions observed in the hyperthermia relative to the thermoneutral condition,
but not of task type (P>0.05), nor was there a significant interaction (P>0.05). Thus,
reaction time improved during moderate hyperthermia, and no trade-off was evident
between speed and accuracy within these data.

Performance accuracy data were then further analysed according to the more sensitive
signal detection theory model. For the sensitivity index (i.e discriminative ability), no main
effect of task type (P>0.05) or temperature (P>0.05) was observed, and there was no
significant interaction (P>0.05; Figure 2.16A), meaning that subjects were able to
discriminate equally between the targets and distractors in these tasks under these
conditions.

However, for response bias (i.e. strategy selection) there was a main effect of temperature
(P<0.05; Figure 2.16B), with a reduced response bias in the hyperthermia relative to the
thermoneutral condition, but not of task type (P>0.05), nor was there a significant
interaction (P>0.05). Thus, moderate hyperthermia resulted in a change in the selection of
a response strategy, with subjects responding more liberally (i.e. respond more often).
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Figure 2.15: Performance accuracy (A) and reaction time (B) recorded at rest during
thermoneutral (grey) and hyperthermia (black) conditions for three cognitive performance
tasks: working memory, easy and difficult perceptual task. Thermal affects upon cognitive
domains were evaluated from the working memory and easy perceptual tasks, whilst affects
upon task difficulty were explored from the easy and difficult perceptual tasks. Data are
means with standard errors of the means (N=8). Significant differences (P<0.05) are
indicated by the symbols: (§) easy versus difficult perceptual tasks, (*) thermoneutral versus
hyperthermia.
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Figure 2.16: Sensitivity (A) and response bias (B) recorded at rest during thermoneutral
(grey) and hyperthermia (black) conditions for three cognitive performance tasks: working
memory, easy and difficult perceptual task. Thermal affects upon cognitive domains were
evaluated from the working memory and easy perceptual tasks, whilst affects upon task
difficulty were explored from the easy and difficult perceptual tasks. Data are means with
standard errors of the means (N=8). Significant differences (P<0.05) are indicated by
symbols: (§) easy versus difficult perceptual tasks, (*) thermoneutral versus hyperthermia.
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In summary, faster reaction times were observed during moderate hyperthermia without any
subsequent changes in performance accuracy within these data. This could be the result of
a change in the selection of a response strategy towards more liberal responding, although
sensitivity was ultimately not affected by moderate hyperthermia. Moreover, these changes
were independent of the cognitive domain tested.

2.3.5.1.1 Main analyses: thermal affect upon task difficulty
The second objective was to evaluate the thermal affects on task difficulty for which
comparisons between the easy and more difficult perceptual tasks were made. For accuracy,
a main effect of difficulty level was observed (P<0.05; Figure 2.15A), with a higher
percentage accuracy achieved during the easy relative to difficult perceptual task, but not
of temperature (P>0.05), nor was there a significant interaction (P>0.05). These data
indicate that the total number of correct responses was influenced by the difficulty level of
these tasks, with greater accuracy accomplished in the easy relative to the difficult
perceptual task, but not as a function of temperature.

Furthermore, for reaction time, there was a main effect of temperature (P<0.05; Figure
2.15B), with faster reactions observed in the hyperthermia relative to the thermoneutral
condition, but not of difficulty level (P>0.05), and there was no significant interaction
(P>0.05). Thus, moderate hyperthermia resulted in improved reaction times, without any
subsequent changes in performance accuracy in these tasks.

Further analyses of these accuracy data revealed for the sensitivity index a main effect of
difficulty level (P<0.05; Figure 2.16A), with higher values observed in the easy compared
to difficult perceptual task, but not of temperature (P>0.05), and no significant interaction
was present (P>0.05), meaning that subjects experienced more difficulty in discriminating
between stimuli in the difficult relative to easy perceptual task, but not as a function of
temperature.

For response bias, there was a main effect of difficulty level (P<0.05; Figure 2.16B), with
reduced response bias observed in the easy relative to the difficult perceptual task, and of
temperature (P<0.05; Figure 2.16B), with reduced response bias present in the hyperthermia
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compared to thermoneutral condition, but no significant interaction present (P>0.05). Thus,
differences in the selection of a response strategy selection were present between perceptual
tasks, with subjects responding in a more conservative manner (i.e. withhold responses
more often) in the difficult relative to easy perceptual task, in which subjects responded
more liberally. Moreover, moderate hyperthermia resulted in a change in the selection of
a response strategy during these tasks towards more liberal responding.

In summary, both sensitivity and response bias were influenced by the task difficulty
manipulation, with subjects experiencing greater difficulty in discriminating between
stimuli, as well as adopting a more conservative response strategy in the difficult relative
to easy perceptual task. Furthermore, reaction time improved during moderate hyperthermia
and no trade-off was evident between speed and accuracy within these data. This could be
the result of a change in strategy selection that was observed in this condition, towards
more liberal responding.

2.3.5.2 Brain electrical activity
Mean power spectra calculated from EEG recordings in the eyes-closed condition during
the thermoneutral and hyperthermia trials are illustrated in Figure 2.17, displaying typical
power-spectrum functions to that of the literature (Barry et al., 2005; Curcio et al., 2005)
at each of the electrode sites. Log transformed mean data are displayed in Figure 2.18.

For the topographical distribution of EEG, there was a main effect of the sagittal dimension
for alpha and beta power (P<0.05 for each comparison; Table 2.7), in which power was
lower in the occipital relative to the frontal and central-parietal areas. In the lateral
dimension, a main effect for alpha power was observed (P<0.05; Table 2.7), with higher
amplitudes in the right compared to left hemisphere, but this was not evident for beta power
(P>0.05). However, no significant interactions were observed for either alpha or beta
power between these topographical dimensions.

Moreover, a main effect of temperature was present for beta power (P<0.05; Table 2.7),
with lower amplitudes observed in the hyperthermia compared to the thermoneutral
condition, but this was not evident for alpha power (P>0.05), nor were there significant
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Figure 2.17: Mean power spectra calculated from 2-min resting EEG recordings during
thermoneutral (grey) and hyperthermia (black) conditions. Data were recorded during
seated rest in the eyes-closed condition for six electrodes sites, including three sagittal
(frontal: F3, F4; central-parietal: CP3, CP4; occipital: O1, O2) and two lateral dimensions
(left hemisphere: F3, CP3, CP4; right hemisphere: F4, CP4, O2).
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Figure 2.18: Log transformed mean power spectra calculated from 2-min resting EEG
recordings during thermoneutral (grey) and hyperthermia (black) conditions. Data were
recorded during seated rest in the eyes-closed condition for six electrodes sites, including
three sagittal (frontal: F3, F4; central-parietal: CP3, CP4; occipital: O1, O2) and two lateral
dimensions (left hemisphere: F3, CP3, CP4; right hemisphere: F4, CP4, O2).
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Table 2.7: Mean absolute amplitudes of EEG power spectra in the eyes-closed condition recorded at rest during the thermoneutral and hyperthermia
trials. Spectral bands were determined for alpha and beta for six electrode sites, including three sagittal (frontal: F3, F4; central-parietal: CP3, CP4;
occipital: O1, O2) and two lateral dimensions (left hemisphere: F3, CP3, CP4; right hemisphere: F4, CP4, O2). Data are presented as means, standard
errors of the means (SEM), medians and interquartile ranges (IQR).
Electrode

Experimental trial

sites

Alpha power (ìV)
Mean

SEM

Median

Beta power (ìV)
IQR

Mean

SEM

Median

IQR

Frontal

Thermoneutral

1.81

0.28

1.71

0.63

0.62

0.07

0.54

0.15

left (F3)

Hyperthermia

1.96

0.20

2.01

0.71

0.55

0.06

0.53

0.21

Frontal

Thermoneutral

2.21

0.37

1.93

1.74

0.87

0.21

0.54

0.55

right (F4)

Hyperthermia

1.92

0.19

1.96

0.74

0.54

0.05

0.51

0.21

Central-parietal

Thermoneutral

2.01

0.28

1.88

1.04

0.53

0.06

0.48

0.09

left (CP3)

Hyperthermia

1.80

0.20

1.66

0.88

0.46

0.04

0.41

0.18

Central-parietal

Thermoneutral

2.41

0.40

2.17

2.04

0.58

0.06

0.52

0.18

right (CP4)

Hyperthermia

2.26

0.31

1.98

1.47

0.48

0.04

0.48

0.17

Note: Interquartile range (IQR) was defined as the difference between the third and the first quartiles.
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Table 2.7: Continued
Electrode

Experimental trial

sites

Alpha power (ìV)
Mean

SEM

Median

Beta power (ìV)
IQR

Mean

SEM

Median

IQR

Occipital

Thermoneutral

1.81

0.37

1.51

1.39

0.52

0.06

0.49

0.12

left (O1)

Hyperthermia

1.19

0.15

1.16

0.61

0.33

0.02

0.34

0.06

Occipital

Thermoneutral

1.63

0.32

1.28

1.01

0.51

0.06

0.44

0.24

right (O2)

Hyperthermia

1.25

0.18

1.11

0.46

0.32

0.03

0.33

0.11
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interactions present in these power bands between temperature and the lateral (P>0.05 for
each comparison), the sagittal (P>0.05 for each comparison), or both topographical
dimensions (P>0.05 for each comparison). Thus, only a global change in beta power was
observed during moderate hyperthermia, which was not associated with a particular cortical
region.

In summary, moderate hyperthermia induced changes in brain electrical activity when
recorded in the eyes-closed condition, although these were limited to beta power.
Furthermore, the topographical distribution of alpha and beta power was not influenced by
moderate hyperthermia.

2.4 DISCUSSION
2.4.1 Physiological regulation during heat strain
The primary aim of this study was to investigate the independent influence of moderate
hyperthermia upon physiological function. In particular, the regulation of body temperature
during heat strain and its affects upon blood pressure and body-fluid regulation were of
interest. In addition to providing information about the independent thermal influence, this
study was designed to provide a benchmark with which the other experimental treatment
(i.e. dehydration; Chapters Three and Four) could be compared. Therefore, all measures
were performed under rigidly controlled experimental conditions, with the pre-experimental
physiological status of subjects standardised across trials (Table 2.3). Whole-body thermal
clamping was used to achieve and sustain two, steady-state mean body temperatures
(thermoneutral and moderate hyperthermia), whilst a level of euhydration was maintained
using controlled isotonic-fluid administration (Table 2.4). Since subjects commenced each
trial in a similar physiological state and the required experimental control was achieved (see
Section 2.3.2), it can be assumed that changes observed in either blood pressure or bodyfluid regulation were highly probable to have resulted from alterations in thermal state
alone.

2.4.1.1 Blood pressure regulation
Firstly, the independent affect of thermal strain upon blood pressure regulation was
evaluated in the current experiment. The main objective was to find out whether blood
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pressure regulation would be compromised as a result of moderate hyperthermia. As
anticipated, the rise in body temperature increased cardiovascular strain as was evident
from significant elevations in skin blood flow and vascular conductance (Figure 2.11) as
well as heart rate (Table 2.4). However, systolic and diastolic blood pressures were well
regulated and no significant differences in mean arterial pressure were present as a result
of moderate hyperthermia (Figure 2.13). Therefore, the hypothesis that predicted mean
arterial pressure would be defended at control levels in hyperthermic, euhydrated
individuals, was accepted.

When exposed to hot environments, changes in skin blood flow represent the first response
for heat dissipation (Mekjavic and Eiken, 2006). Vasomotor function is controlled by two
separate mechanisms: active vasoconstriction with passive vasodilatation, and active
vasodilatation (Johnson, 1986). In the thermoneutral state, active vasoconstriction of
cutaneous blood flow is mediated through the innervation of the sympathetic nervous
system to most of the cutaneous circulation (Rowell, 1977). The control mechanisms with
the greatest influence upon skin blood flow are activated through a noradrenergic pathway
(Charkoudian, 2003). Noradrenalin, the active neurotransmitter in this pathway, binds to
vascular alpha adrenergic receptors, eliciting contraction of the vascular smooth muscle of
the arterioles and venules, leading respectively to vasoconstriction and venoconstriction
(Rowell, 1986). Although active vasodilatory influences are minimal in thermoneutral
conditions, the arterioles found in non-acral skin are able to dilate actively during heating,
enabling greater blood flow than would be possible through removing vasoconstrictor tone
(Johnson and Proppe, 1996; Charkoudian, 2010). However the exact mechanism for active
vasodilatation and the components involved are currently unknown (Kellogg, 2006;
Charkoudian, 2010).

These control mechanisms allow the vasomotor response to move from very-low to veryhigh blood flows (Rowell, 1974), whilst controlling all levels in between to match the
comprehensive requirements of the human body. In the present experiment, both forearm
blood flow and vascular conductance increased almost 5.5-fold relative to the thermoneutral
state (Figure 2.11), with similar findings observed for cutaneous blood flow and vascular
conductance. This elevation in skin blood flow during heat strain, combined with a
Page 105

concomitant increase in skin temperature (Table 2.4), facilitates dry and evaporative heat
transfer at the periphery by providing a buffer for further exogenous heat gain, as well as
increasing cutaneous water vapour pressure, which in turn enhances evaporation (Taylor
et al., 2008). To support this large increase in blood flow and volume to the cutaneous
circulation, whilst maintaining mean arterial pressure, both peripheral and central
adjustments had to occur.

It can be assumed that blood was redistributed from non-cutaneous tissues to the cutaneous
circulation during passive heating. These circulatory adjustments have been extensively
investigated in the past using dye dilution techniques, which enables the partition of blood
flow changes to specific regions. In these experiments, reductions in renal (Radigan and
Robinson, 1949), splanchnic (Rowell et al. 1965, 1968, 1971) as well as muscle blood flow
(Detry et al., 1972) have been reported as a result of whole-body passive heating. More
recently, Crandall et al. (2008) used imaging techniques to confirm these findings, and it
was reported that the blood volume of the thorax and the central vascular tissues all
decreased during passive hyperthermia. Indeed, the present data demonstrated that urine
output was reduced by almost 60% during moderate hyperthermia, with others (Adolph,
1947; Myhre and Robinson, 1977) reporting similar decreases in urine flow as a result of
pronounced heat strain. Therefore, this change in renal function was thought to be largely
mediated through changes in renal blood flow (Radigan and Robinson, 1949), which was
redistributed to the cutaneous circulation, thereby defending plasma volume.

This large redistribution of blood flow would have resulted in a significant increase in
cardiac output. Although not measured in the present study, Rowell et al. (1969, 1986) have
reported that resting cardiac output effectively doubled when subjects were exposed to
pronounced thermal strain. This elevation would have primarily been the result of a
significant elevation in heart rate, as was observed in these experiments (Table 2.4), since
stroke volume is generally not, or only marginally, affected during passive heating. Indeed,
others (Rowell et al., 1969; Minson et al., 1998) have found no significant differences in
stroke volume during passive hyperthermia (mean body temperature ~38.8oC) relative to
the thermoneutral condition (mean body temperature ~36.5oC).
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Taken together, the current data have demonstrated that, in accordance with the literature,
peripheral and central circulatory adjustments occurred during passive heat strain. These
integrated cardiovascular responses were primarily the result of the body temperature
regulatory system and its heat dissipation requirements. As a result of these compensatory
changes, only a modest reduction in mean arterial pressure (Figure 2.13) was observed
during moderate hyperthermia.

2.4.1.2 Body-fluid regulation
Secondly, the independent influence of heat strain upon body-fluid regulation was assessed.
Moderate hyperthermia induced sweating and a redistribution of blood flow. This caused
a significant loss of fluids and electrolytes from the plasma (Table 2.5), resulting in a
reduced, but also diluted plasma (hypo-osmotic hypovolaemia). Accordingly, the
hypothesis that predicted plasma volume and osmolality would be defended at control
levels in hyperthermic, euhydrated individuals at rest, was rejected.

Once the capacity of the vasomotor responses to maintain a constant body temperature was
nearly exceeded, sudomotor responses were initiated to facilitate evaporative heat loss at
the skin surface via the activation of eccrine sweat glands. Unlike vasomotor function, this
activation is controlled primarily by the cholinergic pathway of the sympathetic nervous
system (Kimura et al., 2007; Machada-Moreira et al., 2012). Acetylcholine, the active
neurotransmitter in this pathway, stimulates muscarine (M3) receptors of the clear
(secretory) cells, found in the secretory coil of the sweat gland, and produces the primary
(precursor) sweat (Sato, 1977). The composition of this precursor sweat is almost identical
to that of the interstitial fluid, but the eccrine sweat glands actively reabsorb some
electrolytes (Sato, 1973), and thereby participate in the regulation of plasma volume and
osmolality. Sympathetic efferent signals reach the sweat glands in waves, resulting in
pulsatile sweat secretion (Ogawa and Sugenoya, 1993), with its capacity being dependent
upon the number of active sweat glands and the ability to optimally activate these glands.

The thermal strain imposed during these experiments induced a significant sudomotor
response in these subjects. In fact, the whole-body sweat rates (1.00-2.28 L@hr-1) observed
during these resting, heat-stressed conditions were equivalent to those of men playing
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competitive sports (Rehrer and Burke, 1996). Furthermore, the local sweat rates observed
at the forehead and shoulder were also considerably higher than those previously reported
for pronounced heat strain during rest and exercise (Machado-Moreira et al., 2008a, 2008b;
Smith and Havenith, 2011). Although these local sweat rates may have been affected by
methodological difficulties during data collection and, therefore, should be interpreted with
caution, these data corroborate the profound sweating response during the hyperthermia
trials. Taken together, these findings suggest that the subjects participating in these
experiments were profuse sweaters, with above average sweat rates observed during rest
in moderate hyperthermia conditions.

Regardless of fluid replacement strategies, this profound sudomotor response, in
combination with the vasomotor responses described previously, induced significant
changes in the plasma (Table 2.5). Firstly, plasma volume was reduced by 17.8% in the
hyperthermia condition. This hypovolaemia was thought to be primarily caused by the large
redistribution of blood flow to the cutaneous circulation (Harrison, 1985; Morimoto, 1990),
since fluid intake was controlled to match sweat loss (see Section 2.3.2). Indeed, others
(Myhre and Robinson, 1977; Diaz et al., 1979) have reported similar reductions in plasma
volume during passive heat strain, whilst the euhydrated state was maintained. Secondly,
a 3% reduction in serum osmolality was observed in the hyperthermia condition (Table
2.5). Thus, proportionally more electrolytes than fluid were lost from the plasma in these
experiments, which resulted in a reduced, but diluted plasma.

Since sodium and its accompanying anion chloride are by far the predominant solutes
present in plasma (Verbalis, 2003), it can be assumed that these electrolytes would have
been primarily responsible for the changes observed in osmolality. When the baseline
content of these ions (whole-blood) was compared with those measured during the
physiological measurement phase in whole-blood (unpublished data), it was established
that on average 67 mmol of sodium and 47 mmol of chloride were lost from the blood. In
addition, subjects received on average 2.63 L of isotonic-fluid (sodium-chloride
concentration: ~40 mmol·L-1) during the hyperthermia trial, meaning that a total of 173
mmol of sodium and 152 mmol of chloride was lost from the blood. Since no measures
were performed to determine the electrolyte concentrations in sweat and urine, this solute
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loss could not be tracked. Nevertheless, the most likely avenue for this loss would have
been via sweating. That is, sodium and chloride concentrations in sweat generally increase
with increased sweat rates (Schwartz and Thaysen, 1956; Buono et al., 2008), meaning that
the excessive sweat rates produced during these trials could have resulted in a substantial
loss of these ions in the sweat (Buono et al., 2008; Taylor and Machado-Moreira, 2013).
In addition, some solutes may have been lost via urinary excretion, although one would
expect its contribution to be minimal (<10 mmol) considering only a small (0.30 L) and
dilute (228 mOsm@kg H2O-1) urine volume was produced. Indeed, the urine-to-serum
osmolality ratio in the hyperthermia trial (0.84) was indicative of electrolyte-free renal
water clearance (Shimizu et al., 2002). Based on the values presented above, it could be
estimated that on average sweat sodium concentrations of ~68 mmol·L-1 and chloride
concentration of ~59 mmol·L-1 would have been required to reflect these electrolyte losses
from the blood, representing the upper range for whole-body sweat electrolyte losses
previously reported (Costill et al., 1976; Verde et al., 1982; Taylor and Machado-Moreira,
2013).

However, another possibility could be that fluid consumption itself produced a lowering
of serum osmolality, particularly during the hyperthermia trial. That is, the estimated solute
losses in sweat were well above the sodium-chloride intakes from isotonic-fluids during the
hyperthermia condition, thereby producing an imbalance in these electrolytes. Indeed, it has
been suggested that fluid replacement should contain a sodium-chloride concentration
similar to that of sweat (Maughan, 1991). However, since the electrolyte content of sweat
varies widely, no single formulation would meet this requirement for all individuals. The
current fluid replacement strategy was based on previous reports that indicated that the
addition of at least 40 mmol@L-1 of sodium-chloride to a beverage would provide effective
rehydration (Merson et al., 2008), when consumed in aliquots of 250-300 mL every 15 to
20 min (Casa et al., 2000), without affecting palatability. However, since whole-body sweat
rates, and the concomitant loss of electrolytes, exceeded those expected during these trials,
the fluid composition was inadequate to replace the sodium and chloride ions lost from the
plasma. Indeed, similar reductions in serum osmolality of ~8 mOsm@kg H2O-1 have been
reported after the consumption of fluids containing low sodium-chloride concentration (<40
mmol@L-1; Maughan and Leiper, 1995; Shirreffs et al., 1996; Merson et al., 2008).
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Furthermore, it should be recognised that the serum osmolality values observed during
these euhydration trials were lower than those typically reported in the literature (285-295
mOsm@kg H2O-1; Sawka et al., 1985; Kratz et al., 2004; Stookey, 2005; Cheuvront et al.,
2010). Since no baseline measures of serum osmolality were made, and neither the
electrolyte losses via sweat and urine were tracked, it is difficult to identify the cause of this
apparent plasma hypo-osmolality in these trials. Nevertheless, some possible explanations
in addition to those described above (e.g. experimental standardisation, hydration
procedure) were provided in the subsequent Chapter (see Section 3.4.1.1.), where it was
considered more fitting to discuss these procedures in detail in relation to serum osmolality.

In summary, moderate hyperthermia induced significant changes in the effectors of the
inter-related physiological systems governing blood pressure and body-fluid regulation.
However, the main regulated variables of these systems (i.e. mean arterial pressure, plasma
volume and plasma osmolality) were not, or only marginally, affected by moderate
hyperthermia. Thus, the human body seemed perfectly capable of coping with the thermal
strain imposed in the current experiments.

2.4.2 Moderate hyperthermia and cognitive function
Another aspect of this study consisted of exploring the independent influence of
hyperthermia upon cognitive function by assessing cognitive task performance and brain
electrical activity. To the best of my knowledge, this was the first study to explore the
independent influence of heat strain upon these aspects of cognitive function utilising
rigidly controlled experimental conditions. Thermal states (thermoneutral and moderate
hyperthermia) were clamped throughout the entire cognitive challenge and the recording
of resting EEG, while hydration level was maintained at a level of euhydration (Table 2.4).
Furthermore, cardiovascular strain was elevated as a result of moderate hyperthermia (Table
2.4). However, no differences were observed in the psychophysical indices, except for the
temperature sensitive ratings, or in any of the mood states (Table 2.6). Thus, although
thermal and cardiovascular strain was significantly elevated during these experiments, it
can be assumed that the emotional status of these subjects did not influence these measures,
and that changes observed in task performance or brain electrical activity were highly
probable to have been caused by moderate hyperthermia alone.
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2.4.2.1 Cognitive task performance
The present research focussed on task performance in two cognitive domains: visual
perception and working memory. In particular, I wanted to see if, when tasks were
controlled for difficulty level, both domains would be equally affected by passive heat
strain. Therefore, the working memory task was administered at a difficulty level
approximately equal to that of the easy perceptual task, which made it possible to compare
these two cognitive domains as a result of the temperature manipulation. Furthermore, the
visual perceptual task was administered at an easy and difficult level so that the thermal
influences upon task difficulty could be evaluated. The principal outcome of this research
was that, independently of cognitive domain or task difficulty, faster reaction times were
observed during moderate hyperthermia (Figure 2.15), which was the result of a change in
the selection of a response strategy towards more liberal responding, while the sensitivity
remained unchanged (Figure 2.16). Therefore, the hypothesis that predicted moderate
hyperthermia would impair performance (i.e. reaction time, sensitivity and response bias)
in euhydrated, resting individuals in both the visual perceptual and working memory
domains, when these tasks were matched for difficulty level, was rejected. Similarly, the
hypothesis that predicted these thermally-induced influences would further reduce visual
perceptual performance in euhydrated, resting individuals as a function of difficulty, was
also rejected. Thus, under these rigidly controlled experimental conditions, moderate
hyperthermia did not have any adverse consequences for sensitivity within the visual
perceptual or working memory domains, although reaction time and response bias were
affected by the temperature manipulation.

Improved reaction times have previously been reported during heat strain (Epstein et al.,
1980; Simmons et al.. 2008; Gaoua et al., 2011a), although these improvements generally
resulted in subsequent reductions in accuracy. In the current experiment, no such trade-off
was evident between speed and accuracy for either cognitive domain or task difficulty
(Figure 2.15), suggesting that moderate hyperthermia enhanced response time. Although
these faster speeds could largely be attributed to increases in nerve conduction velocity
during heat strain (Aird et al., 1983; Goodman et al., 1984; Todnem et al., 1989),
concomitant impairments in neuromuscular transmission induced by hyperthermia
(Racinais et al., 2008) would normally offset this beneficial affect. Moreover, the current
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data demonstrated that the selection of a response strategy changed towards responding
more liberally in the hyperthermia condition (Figure 2.16). Thus, subjects were more
inclined to respond to a presented stimulus (target or distractor) in this condition, which
could explain the faster speeds observed, independently of potential changes in the
premotor or motor components of reaction time.

Nevertheless, sensitivity was not affected in either the visual perceptual or working memory
domain as a result of moderate hyperthermia (Figure 2.16). Therefore, these data indicate
that the actual efficiency of the discrimination between stimuli was unaltered in this
condition. Similar results have been reported by Colquhoun and Goldman (1972) for a 60min visual vigilance task performed during moderate hyperthermia (rectal temperature:
38.0-38.6oC). These authors concluded that their subjects became more risky in their
decisions as body temperature increased, and that their responses became more confident.
Thus, even though the decision making process was modulated under these conditions,
sensitivity was ultimately not affected.

Several theories have been proposed to explain the influences of heat strain on cognitive
performance. The most popular, but also the most heavily criticised, has been the arousal
theory (Duffy, 1962; Provins, 1966; Poulton, 1977), which proposes an inverted-U
relationship between cognitive performance and arousal level (Yerkes-Dodson law).
According to this theory, elevations in body temperature initially increase arousal until an
optimal state of arousal and performance is obtained, with any further increases in body
temperature resulting in performance decrements (Provins, 1966). However, its validity and
robustness have been questioned (Hancock, 1987) predominantly due to its high descriptive
but limited predictive power. More recently, Hancock and Vasmatzidis (1998) have
postulated another model of maximal adaptability, which assumes that heat strain exerts its
detrimental affects on cognitive performance by competing for, and eventually draining,
attentional resources (Kahneman, 1973). Initially, adaptive strategies, such as attentional
focus, can be employed to maintain or even improve performance, but as physiological and
psychological stress increases, the attentional resources are progressively drained,
eventually resulting in performance decrements (Hancock and Vasmatzidis, 1998, 2003).
According to this theoretical model, our results could be explained as being due to the
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cognitive load and the thermal strain imposed on these subjects, either separate or
combined, not being severe enough to drain their attentional resources. Instead, subjects
may have utilised adaptive strategies to cope with these stresses. Indeed, signal detection
analyses revealed changes in the selection of a response strategy as a result of both the
temperature and task difficulty manipulations. Thus, although their attentional resources
were not sufficiently drained to affect sensitivity, cognitive reserves were possibly
diminished under these conditions, meaning that subjects may not be able to cope with any
additional physiological or cognitive stresses. To test this theory, the combined influences
of heat strain and dehydration on cognitive performance will be evaluated in a subsequent
study (Chapter Four).

2.4.2.2 Brain electrical activity
In addition to cognitive task performance, the thermal influence upon brain electrical
activity was explored in the present study. Specifically, evidence was sought as to whether
moderate hyperthermia resulted in more general (global) affects upon the EEG power
spectrum, or whether such changes were related to more discrete changes in neuronal
processing (e.g. lateral, sagittal). Resting EEG was recorded over each hemisphere and over
three cortical regions during eyes-closed conditions, whilst mean body temperature and
euhydration level were clamped (Table 2.4). Based on previous research, the spectral
analyses performed for these data were limited to alpha and beta power only. The key
finding of this study was a reduction in beta power as a result of moderate hyperthermia
(Table 2.7). These observations partially support the hypothesis that, under more rigidly
controlled experimental conditions, passive hyperthermia would increase alpha power and
decrease beta power relative to the thermoneutral state.

Reduced beta power during hyperthermia has been reported previously (Nielsen et al.,
2001; Nybo and Nielsen, 2001; Ftaiti et al., 2010), although these observations were made
in exercise conditions lacking thermal and hydration state clamping. Therefore, it was
unknown whether this reduction was caused by hyperthermia per se or if the exercise
stimulus, thermal transients or hydration level had influenced these findings. However, the
current data support the view that they were caused by hyperthermia itself. Since these
studies were investigating the relationship between brain activity and central fatigue, the
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ratio of alpha-beta was calculated and used as an index of fatigue (Nielsen et al., 2001).
Although alpha activity did not significantly change during these experiments (Nielsen et
al., 2001; Nybo and Nielsen, 2001; Ftaiti et al., 2010), the reduction in beta power was
sufficient for the alpha-beta index to increase, which was viewed as indicative of a
decreased state of arousal at higher core temperatures by these authors. For comparative
purposes, the alpha-beta index was also computed from the present data, but no changes
as a result of the thermal manipulation were found (P>0.05). These findings imply that
moderate hyperthermia does not affect arousal per se, but rather induces a more specific
change to beta power in resting individuals.

In contrast to the literature concerning central fatigue mechanisms, Dubois et al. (1980)
have reported a slowing of alpha waves during pronounced heat strain. Although core
temperatures were elevated and clamped using passive whole-body heating, these
temperatures were considerably higher (oesophageal temperature: 41.4oC) compared to the
current study (oesophageal temperature: 38.3oC). In addition, hydration status was not
controlled and the EEG observations were made whilst patients were sedated and at various
levels of consciousness, which could have also affected data interpretation. No changes in
alpha power were observed in the present experiments as a result of moderate
hyperthermia, indicating that this desynchronisation of alpha was not present in
unanaesthesised, healthy individuals during moderate thermal strain.

In summary, moderate hyperthermia resulted in significant changes in the aspects of
cognitive function that were assessed in this study. Although sensitivity within the visual
perceptual and working memory domains was ultimately not affected by heat strain,
significant alterations in the decision making process were observed during moderate
hyperthermia, resulting in faster response times. Furthermore, spectral analyses of the EEG
revealed a global reduction in beta power as a result of moderate hyperthermia, while alpha
power remained unchanged, indicating that it was not arousal per se that was affected under
these conditions.

Page 114

2.5 CONCLUSIONS
This study was designed to investigate the independent influence of passive heat strain upon
physiological regulation and cognitive function, by isolating the affect of hyperthermia per
se from those of dehydration using rigidly controlled experimental conditions. Although
the physiological results of this study were not novel, these findings confirmed the
independent affect of moderate hyperthermia upon body temperature regulation and its
influence on blood pressure and body-fluid regulation, which was an essential pre-requisite
for this experimental series. Moreover, these data provided a benchmark with which the
other experimental treatment (i.e. dehydration; Chapters Three and Four) can be compared.

For the physiological regulatory aspect of this study, it was hypothesised that mean arterial
pressure, plasma volume and osmolality would be defended at control levels in
hyperthermic, euhydrated individuals at rest. As anticipated, the rise in body temperature
elevated cardiovascular strain, evidenced by significant elevations in skin blood flow and
heart rate, but blood pressures were well regulated. However, since plasma volume was
reduced and diluted (hypo-osmotic hypovolaemia) in the hyperthermia condition due to a
significant loss of fluids and electrolytes from the plasma, the hypothesis could only
partially be accepted. Nevertheless, since the regulated variables were not, or only
marginally, influenced by this elevated thermal strain, it was concluded that healthy,
euhydrated individuals were perfectly capable of coping with the physiological
consequences of moderate hyperthermia at rest.

In addition, the influence of moderate hyperthermia on cognitive function was explored in
the current study, with a focus on cognitive task performance and brain electrical activity.
For task performance, it was hypothesised that moderate hyperthermia would impair task
performance (i.e. reaction time, sensitivity and response bias) in both the visual perceptual
and working memory domains, when tasks were matched for difficulty level. Although
changes in reaction time and response bias were observed during these trials, independent
of cognitive domain or task difficulty, sensitivity was ultimately not affected, and the
hypothesis was rejected. In addition, the hypothesis that predicted moderate hyperthermia
would further reduce visual perceptual performance as a function of task difficulty, was also
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rejected. Moreover, thermally-induced influences on brain electrical activity were restricted
to changes in beta power, and the hypothesis that predicted moderate hyperthermia would
increase alpha power and decrease beta power relative to the thermoneutral state, when
EEG was recorded over each hemisphere and across three cortical regions (i.e. frontal,
central-parietal and occipital) in the eyes-closed condition, was also rejected. Consequently,
it was concluded that moderate hyperthermia did not adversely influence the aspects of
cognitive function assessed in this study in euhydrated, resting individuals.
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CHAPTER THREE: PHYSIOLOGICAL REGULATION AND COGNITIVE
FUNCTION AT REST IN A THERMONEUTRAL ENVIRONMENT
DURING 3% AND 5% DEHYDRATION

3.1 INTRODUCTION
Body-fluid regulation during dehydration and its independent influence upon blood pressure
regulation was the primary focus of study two of the current project. Previous research has
generally evaluated dehydration-induced influences during thermal exercise procedures
(Costill and Saltin, 1974; Nadel et al., 1980; Popowski et al., 2001; Charkoudian et al.,
2003; Taylor et al., 2012), which can make it difficult to isolate the separate affect of
dehydration from those of heat strain and exercise. Therefore, the principal aim of the
present study was to investigate the influence of dehydration per se upon body-fluid and
blood pressure regulation. Furthermore, cognitive function (i.e. task performance and brain
electrical activity) was evaluated during dehydration. Research in this area is sparse and has
produced inconsistent results due to various methodological issues (Grandjean and
Grandjean, 2007; Lieberman, 2007, 2012). Therefore, the present experiment was designed
to address these limitations, with a secondary aim of exploring the affect of dehydration
upon cognitive function.

3.1.1 Physiological regulation during dehydration
Water is the principal chemical constituent of the human body, with total body water
content distributed across intracellular (~65%) and extracellular (~35%) fluid compartments
(Dyrbye and Kragelund, 1970; Maw et al., 1996). The extracellular compartment is further
divided into the interstitial (~25% of total body water) and plasma spaces (<10%; Sawka
and Coyle, 1999). Each fluid compartment experiences dynamic fluid exchange across
cellular and vascular membranes (Harrison, 1985), to regulate the volume and osmolality
of the extracellular fluid (i.e. plasma and interstitial), which ultimately subserves central
venous pressure regulation (Figure 1.1). Although these two homoeostatic mechanisms use
different sensors and effectors, the kidneys play a prominent role in the regulation of both
plasma volume and osmolality (Mack and Nadel, 1996; Popkin et al., 2010). Indeed, urine
output represents the principal avenue for regulating total body water, with an overingestion of fluid being countered by increased urine production. Similarly, if one
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experiences dehydration, volume- and osmoregulatory effector mechanisms are activated
to reduce urine flow and conserve body water (Montain and Cheuvront, 2008; Popkin et al.,
2010). As a result of these effector responses, disturbances in plasma volume and
osmolality during dehydration are generally well tolerated. However, since the
physiological regulatory systems are inter-related (Figure 1.1), these body-fluid responses
can modify blood pressure homeostasis, which was evaluated in the present study.

Dehydration in healthy persons is typically induced by thermal sweating, such as during
heat exposure or physical exercise, and occurs when fluid intake does not match fluid loss.
This net loss of fluid results in a total body-water deficit and, as a consequence of free fluid
exchange, affects each fluid compartment (Nose et al., 1983; Durkot et al., 1986). Fluid is
initially mobilised from the interstitial space, and subsequently from the plasma (Sato,
1977), although the intracellular fluid compartment eventually also contributes to this fluid
loss (Kozlowski and Saltin, 1964; Morimoto et al., 1981; Maw et al., 1998). Since the
composition of eccrine sweat is hypotonic relative to that of plasma (Sato, 1973, 1977),
sweat-induced dehydration generally results in a reduced plasma volume and elevated
osmolality, which occur in proportion to the level of dehydration. These body-fluid
responses have been elegantly illustrated by Sawka et al. (1996), who compilated data from
two earlier studies (Sawka et al., 1985; Montain et al., 1995), and reported a linear decrease
in resting plasma volume (r=0.70) and increase in osmolality (r=0.78) from euhydration up
to a 15% loss of total body water due to thermal sweating in heat-acclimated males. Thus,
during thermal dehydration plasma volume reduces because it replaces the interstitial fluid
lost as sweat, and osmolality increases because proportionally more fluid than solutes are
generally lost in (hypotonic) sweat.

The influences of these body-fluid responses upon cardiovascular function have been well
investigated. However, this research has predominantly focussed on the physiological
consequences of dehydration in relation to exercise performance (Sawka et al., 1979; Nadel
et al., 1980; González-Alonso et al., 1995; Montain et al., 1998). Therefore, many of these
experiments have been performed during different modes of exercise at various intensities,
and often with the addition of thermal strain. Although this simulates real-life conditions
relatively well, the utilisation of these (thermal) exercise protocols can make it difficult to
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isolate the influence of dehydration per se. Nonetheless, studies in which submaximal
exercise was performed with little thermal strain have reported that dehydration results in
a reduction in stroke volume and an elevation in heart rate, and generally no change in
cardiac output or mean arterial pressure relative to euhydrated conditions (Saltin, 1964;
Sproles et al., 1976; Allen et al., 1977;

González-Alonso et al., 2000). These

cardiovascular changes were predominantly caused by the decrease in blood volume during
dehydration, which reduced central venous pressure (Morimoto, 1990) and cardiac filling
(Nose et al., 1994), and in turn decreased stroke volume and increased heart rate (Fortney
et al., 1983; González-Alonso et al., 2000). In addition, Montain and Coyle (1992) have
demonstrated that these changes in stroke volume and heart rate were graded in proportion
to the level of dehydration.

The only study that has purposely attempted to separate the influences of dehydration and
hyperthermia was conducted by González-Alonso et al. (1997), who had their subjects
exercise in a very cold environment (-5oC windchill) whilst euhydrated (control) or
dehydrated to 4.1% of their body mass. A significant reduction in stroke volume by 7% and
increase in heart rate by 5% were reported, without dehydration alone affecting the other
cardiovascular responses (i.e. systemic vascular resistance, cardiac output, mean arterial
pressure) compared to control values. Interestingly, these responses were similar to those
observed when euhydrated subjects performed exercise in a warm environment (35.5oC,
53% r.h.) and the affect of hyperthermia alone was evaluated (González-Alonso et al.,
1997; González-Alonso, 1998). Furthermore, when blood volume, but not osmolality, was
restored after the dehydration procedure, cardiovascular responses were comparable to
those observed during the control condition, suggesting that the decline in stroke volume
with dehydration, and the compensatory elevation in heart rate, were due to a reduction in
blood volume.

Nevertheless, these measures were taken during moderate-intensity exercise (72% of their
maximal exercise consumption), and this additional physiological strain may have enhanced
the cardiovascular responses perceived during dehydration. Thus, although a control
condition was introduced, with subjects performing the same amount of exercise during
euhydration (González-Alonso et al., 1997), interactions between these factors may have
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occurred, which makes the interpretation of these results potentially problematic. In fact,
Kenney et al. (1990) did not observe any differences in cardiovascular function (i.e.
forearm vascular conductance, heart rate, blood pressures) between euhydrated and
dehydrated (~2 % body mass loss) conditions in young (22-28 y) and middle-aged (49-60
y) males during rest at the start of a heat challenge, when thermal state was still at a
thermoneutral level. However, only a low level of dehydration was achieved during this
experiment due to the dehydration method employed (18-20 h of water deprivation), and
it is currently unclear whether similar results are present at higher levels of dehydration (i.e.
3% and 5% body-mass loss), achieved using a passive thermal dehydration protocol.

It should be recognised that besides the study conducted by Gonzalez-Alonso et al. (1997),
various other investigations have also made attempts to minimise the potentially
confounding affects of hyperthermia and exercise on sweat-induced dehydration. For
instance, some experiments have included a control condition, such as adequate fluid
replacement during an identical bout of exercise in the heat (Montain and Coyle, 1992;
González-Alonso et al., 2000), whilst others have incorporated a recovery period after an
exercise-induced dehydration protocol (Sproles et al. 1976; Allen et al., 1977; GonzálezAlonso et al., 2000). Nonetheless, in case of the former control, the physiological responses
observed during such studies may have been augmented by the exercise performed, as
exercise itself is a potent physiological stimulus (see Chapter Five). In case of the latter
control, the absence of any residual interactive influences of (thermal) exercise cannot be
certain in those investigations, although it would be reasonable to assume that these affects
would have been minimal when the recovery period was extended (>2 h).

In addition, another method commonly used to induce dehydration is via diuretic drug
administration (Nadel et al., 1980; Caldwell et al., 1984; Fortney et al., 1983), thereby
avoiding these possible confounding influences altogether. However, it has been suggested
that the affects of these different methods of dehydration may influence body-fluid
homeostasis differently (Sawka, 1992). That is, if these methods result in differences in
intra- or extracellular solute losses, the redistribution of fluids between these compartments
would alter accordingly, depending on the osmotic gradient between these spaces (Sawka,
1988). During thermal and exercise dehydration, hypotonic fluid relative to that of plasma
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is lost via sweating (Sato, 1973, 1977), while relatively iso-osmotic fluid is lost via urinary
excretion after diuretic drug administration (Cheuvront et al., 2013; Cheuvront and
Kenefick, 2014). Consequently, thermal and exercise dehydration are usually accompanied
by greater increases in plasma osmolality compared to diuretic drug administration
(Caldwell et al., 1984). Furthermore, exercise dehydration generally results in smaller
reductions in plasma volume relative to thermal dehydration or diuretic drug administration
(Caldwell et al., 1984; Koslowski and Saltin, 1964), with this difference mostly attributable
to the endogenous production of water during glycogenolysis in exercising skeletal muscles
(Koslowski and Saltin, 1964; Costill et al., 1976).

With this in mind, the present study was designed to investigate the independent influence
of dehydration upon physiological regulation in resting subjects. Dehydration induced via
thermal sweating results in hypotonic-fluid loss relative to that of extracellular fluid, which
eventually affects each fluid compartment. Therefore, the anticipated outcomes were that
when sweat-induced dehydration was passively elicited and then maintained (clamped) at
a each target level (3% and 5% body-mass loss), a reduction in plasma volume and
elevation in osmolality would occur in proportion to the level of dehydration. However, it
was hypothesised that these intravascular changes would not affect cardiovascular function
(i.e. skin blood flow, heart rate and mean arterial pressure) in dehydrated, thermoneutral
individuals at rest. This hypothesis was tested by gradually dehydrating subjects to one of
three hydration levels: euhydration (control: 0% body-mass loss), 3% dehydration, 5%
dehydration. Dehydration was induced by an intermittent warm-water immersion protocol
(i.e. thermal dehydration). After the target hydration level was achieved, this state was
maintained for the duration of the experiment using controlled isotonic-fluid
administration, in which fluid loss was matched with adequate fluid intake. Moreover,
mean body temperature was clamped at a thermoneutral level (36oC) during each trial.
Thus, these procedures permitted the evaluation of physiological regulation at different
stages of dehydration, independent of thermal or exercise influences.

3.1.2 The affect of dehydration on cognitive function
3.1.2.1 Cognitive task performance during dehydration
In spite of the importance of hydration in maintaining human homeostasis, only limited
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research has been conducted to examine the influence of dehydration on cognitive task
performance, which has produced inconsistent results. Impairments in cognitive
performance as a result of dehydration have been reported in some (Strydom et al., 1968;
Sharma et al., 1986; Gopinathan et al., 1988; Cian et al., 2000, 2001; Lieberman et al.,
2005; Petri et al., 2006; Baker et al., 2007; Patel et al., 2007; Ganio et al., 2011), but not
all investigations (Neave et al., 2001; Szinnai et al., 2005; Edwards et al., 2007;
Tomporowski et al., 2007; Adam et al., 2008; D’Anci et al., 2009; Kempton et al., 2011;
Ely et al., 2013). This lack of consistent findings to date may have occurred due to a variety
of unique and difficult challenges in this area of research (Grandjean and Grandjean, 2007;
Lieberman, 2007, 2012), that have resulted in many previous investigations not being
optimally designed to explore these affects.

Firstly, an appropriate method of inducing a consistent level of dehydration should be
employed. Most studies have used either heat (Cian et al., 2000, 2001; Adam et al., 2008),
exercise (Cian et al., 2000, 2001; Edwards et al., 2007; Patel et al., 2007; D’Anci et al.,
2009; Ganio et al., 2011), or a combination of these factors (Sharma et al., 1986;
Gopinathan et al., 1988; Lieberman et al., 2005; Baker et al., 2007; Tomporowski et al.,
2007; Kempton et al., 2011; Ely et al., 2013) to induce dehydration states. Although these
procedures are effective in rapidly producing substantial dehydration via sweat loss (Sawka
et al., 1985; Taylor et al., 2012), these methods make it difficult to separate the influence
of dehydration per se from those of heat strain and exercise, as these combined factors may
produce interactive affects, or influence cognitive performance independently of
dehydration. Indeed, in the previous study (Chapter Two), it was demonstrated that passive
hyperthermia resulted in faster response times due to a change in the selection of a response
strategy towards responding more liberally, while the sensitivity remained unchanged in
both the visual perceptual and working memory domains.

Another method commonly used to induce dehydration is fluid deprivation (Neave et al.,
2001; Shirreffs et al., 2004; Szinnai et al., 2005; Petri et al., 2006), thereby avoiding
directly imposing other possibly confounding factors on subjects. However, this is a slow
process resulting in only low levels of dehydration. For example, in a study conducted by
Szinnai et al. (2005), 28 h were required to dehydrate subjects on average 2.6% of their
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body mass, whilst it took Shirreffs et al., (2004) 37 h to dehydrate their subjects to 2.7%
body-mass loss using fluid restriction alone. A faster approach to inducing high levels of
dehydration is by the use of diuretic drugs (Ganio et al., 2011), although it was previously
discussed that this method produces a physiologically different type of fluid loss (i.e.
isotonic) than that resulting from fluid deprivation or sweating (i.e. hypotonic; Caldwell et
al., 1984; Cheuvront et al., 2013; Cheuvront and Kenefick, 2014), with the former being
less likely to occur during normal daily activities. Therefore, a passive dehydration protocol
was used in the present study to induce 3% and 5% dehydration via thermal sweating, with
these dehydration targets clamped throughout the rest of the trial, but with thermal states
returned to a steady-state thermoneutral level.

Furthermore, cognitive performance has often been assessed at different levels of
dehydration, which may have contributed to the inconsistent results across studies. Indeed,
some studies have reported changes in cognitive performance at very low target hydration
states of 2% body-mass loss (Sharma et al., 1986; Gopinathan et al., 1988), whilst others
have accomplished much higher levels of dehydration exceeding 6% body-mass loss
(Strydom et al., 1968). Since the independent influence of dehydration on cognitive
performance is currently unknown, the level at which performance may initially be affected
by dehydration has also not been demonstrated. Therefore, it would be beneficial to
deliberately investigate staged levels of dehydration, so that dose-response relationships can
be established.

One such approach has been performed by Gopinathan et al. (1988), who examined mental
performance (i.e. short-term memory, arithmetic efficiency, visuomotor tracking) in heat
acclimatised soldiers dehydrated up to 4% body-mass loss in 1% increments on separate
occasions. Dehydration was induced using a combination of heat stress (environmental
conditions: 45oC, 30% r.h.) and moderate-intensity exercise (stepping) until the target
dehydration state was achieved and subjects were moved to a thermoneutral environment
for recovery and cognitive function assessment. These authors reported a consistent, doserelated reduction in performance, which was significant at 2% dehydration for all cognitive
functions. Although two control conditions (i.e. euhydration with heat and exercise
exposure, thermoneutral without exercise) were incorporated into the design of this study,
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the duration of the dehydration procedures varied profoundly (0.5-2 h), thereby exposing
these subjects to different degrees of physiological strain during these trials, which may
have confounded data interpretation of an otherwise well-designed experiment. Indeed, it
is reasonable to suggest that this strain may have resulted in fatigue (Nybo and Secher,
2004; Nybo 2010), and that the duration required to dehydrate these subjects to 2% or more
was sufficient to impair attentional processes and affect cognitive performance. Therefore,
in the present study three different hydration states (euhydration, 3% dehydration, 5%
dehydration) were investigated on separate occasions, with subjects exposed to an equal
amount of physiological strain during each dehydration procedure (passive heating) using
controlled isotonic-fluid replacement strategies (Casa et al., 2000; Merson et al., 2008) in
the euhydration and 3% dehydration conditions.

Moreover, it is currently unknown which cognitive domains may be sensitive to
dehydration, although the cognitive functions that depend upon attentional processes, such
as visual perception and working memory, seem to be mainly affected by dehydration
(Sharma et al., 1986; Gopinathan et al., 1988; Cian et al., 2000, 2001; Lieberman et al.,
2005; Petri et al., 2006; Baker et al., 2007; Patel et al., 2007; D’Anci et al., 2009; Ganio
et al., 2011). This ambiguity may have arisen from experimental design limitations, in that
task difficulty levels are often not controlled within and across cognitive functions, which
makes data interpretation difficult. This methodological issue has been addressed
previously in relation to heat strain and cognitive performance research (see Section 2.1.2.1
for full details). In summary, bias towards an improvement or reduction in performance
may be introduced when the difficulty level is set either too low or too high within a
particular task. Furthermore, inter-task comparisons performed across different levels of
difficulty are problematic to interpret, since it is almost impossible to compare either the
baseline data of these tasks with each other, or any subsequent changes in performance that
may have occurred in these cognitive domains as a result of dehydration. Thus, task
difficulty levels should be controlled within and across cognitive functions to render
comparisons between different performance tasks valid, with most studies either lacking
this level of control (Gopinathan et al., 1988; Cian et al., 2000, 2001; Lieberman et al.,
2005; Tomporowski et al., 2007; Ganio et al., 2011; Szinnai et al., 2005) or not reporting
the difficulty levels of tasks (Sharma et al., 1986; Petri et al., 2006; Patel et al., 2007;
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D’Anci et al., 2009; Adam et al., 2008; Ely et al., 2013).

Finally, appropriate and sensitive measures of cognitive function should be employed, and
this issue has also been addressed in the previous study (see Section 2.1.2.1 for full details).
In summary, parallelling the situation with cognition research during thermal strain, only
basic measures of cognitive performance, such as accuracy and reaction time, have
frequently been reported in studies investigating the influence of dehydration on cognitive
function, thereby limiting the capacity to evaluate the affect of hydration on underlying
cognitive processes. The signal detection theory model (see Section 1.1.3.1 for more
details; Green and Swets, 1966) has been proposed as a method to perform more sensitive
analyses for the measurement of accuracy, as it provides a precise language for analysing
decision making processes during performance tasks by separating sensitivity (i.e.
discriminative ability) and response bias (i.e. strategy selection).

As a consequence of these methodological issues, our understanding of the independent
influence of dehydration upon cognitive performance is limited, and the present study was
designed to improve on this understanding by addressing the above design limitations.
Cognitive task performance was assessed at three levels of hydration: euhydration, 3% and
5% dehydration. Dehydration was achieved using a passive thermal dehydration protocol
to isolate the affect of dehydration from those of exercise, and each target hydration state
was clamped throughout the entire cognitive challenge using controlled isotonic-fluid
administration. In addition, body temperature was maintained at a thermoneutral level
whilst cognitive function was assessed to separate dehydration- and thermally-induced
influences. The cognitive challenge consisted of a visual perceptual task, administered at
two levels of difficulty (i.e. easy and difficult), and a working memory task, administered
at a difficulty level approximately equal to that of the easy perceptual task. By controlling
the difficulty level of these tasks, the relative affects on these two cognitive domains, as
well as on task difficulty within the visual perceptual domain, could be evaluated following
the dehydration manipulation. Furthermore, the more sensitive signal detection theory
model was used to analyse the performance data, which disambiguates possible changes to
sensitivity and response bias that can confound each other, to assess the influence of
dehydration upon the decision making process. It was assumed that 3% to 5% dehydration,
Page 139

induced passively via thermal sweating, would reduce cognitive task performance (i.e.
reaction time, sensitivity and response bias) in proportion to the level of dehydration in
thermoneutral, resting individuals. However, it was hypothesised that this decrement in
performance would be similar across the visual perceptual and working memory domains,
when both tasks were delivered at the same level of difficulty in dehydrated, thermoneutral
individuals at rest. In addition, it was hypothesised that visual perceptual performance
would be further decreased when this task was administered at a difficult compared to easy
level of difficulty in dehydrated, thermoneutral individuals at rest.

3.1.2.2 Dehydration and brain electrical activity
At present, limited data on the influence of dehydration on the central nervous system in
humans are available. However, it would be reasonable to suggest that dehydrationassociated changes in the extracellular fluid (i.e. reduced plasma volume and increased
osmolality) may affect brain structures and functions. Indeed, experiments in animals
indicate that brain adaptation to osmotic stress is a very complex process involving
transient changes in water content and sustained changes in solute composition (Gullans
and Verbalis, 1993). Since neuronal function is highly dependent on the milieu of the
central nervous system (Sécher and Ritz, 2012), these shifts in fluid and electrolytes could
substantially alter brain neurotransmission (Lieberman, 2007). However, it is currently
unclear whether such changes occur in humans and to what extend this could affect brain
processes. Therefore, the aim of this aspect of the current study was to explore the affect
of dehydration on brain electrical activity using power spectral analyses of the
electroencephalogram (EEG).

A few studies have evaluated the affect of dehydration on brain structures in humans using
magnetic resonance imaging techniques. Duning et al. (2005) have reported that
dehydration due to restricted fluid intake over a 16 h period reduced brain volume by
0.55%, which was reversible following acute rehydration. Interestingly, no changes in total
brain volume were observed in experiments that used thermal exercise dehydration
protocols (Dickson et al., 2005; Kempton et al., 2009; Watson et al., 2010; Kempton et al.,
2011), though changes in ventricular volume were present, which were significantly larger
than those generally seen in day-to-day fluctuations in euhydrated subjects. It is currently
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unclear whether these contradictory findings were solely the result of the dehydration
procedure employed, or if other factors, such as differences in dehydration status or image
analysis techniques, may have contributed. Nevertheless, this research implies that brain
structures could be affected by dehydration, thereby potentially also altering brain function.

To the best of my knowledge, only one study has been conducted to examine the affect of
dehydration on brain electrical activity. Szinnai et al. (2005) induced dehydration (2.6%
body-mass loss) after 24 h of water deprivation and assessed neurophysiological function
by auditory event-related potentials (P300) using an oddball paradigm. During this
paradigm, two tones that differed in pitch (low: 800 Hz; high: 1200 Hz) and probability
(low: 20%; high: 80%), were randomly presented, and subjects were required to press a
button whenever the low tone was heard. No differences were observed for peak latency or
amplitude at either the frontal, central or parietal regions, nor was reaction time affected by
the dehydration manipulation. Although P300 is one of the most extensively investigated
event-related potential components (Polich, 2007), reflecting attentional and memory
processes (Polich, 1987; Donchin and Coles, 1988), it is a highly specific measure of
evaluating neurophysiological function and may not be relevant to dehydration-induced
affects upon brain electrical activity. Therefore, a less restricted but equally sensitive
analysis technique (i.e. power spectral analysis using fast Fourier transform) was considered
to be more appropriate when exploring the influence of dehydration on brain electrical
activity. Based on the previous study of the current project (Chapter Two), this analysis was
restricted to alpha (8-13 Hz) and beta power (13-30 Hz).

Taken together, research in the area of dehydration and neurophysiological function is
sparse, with a few studies conducted using magnetic imaging techniques (Dickson et al.,
2005; Duning et al., 2005; Kempton et al., 2009; Watson et al., 2010; Kempton et al.,
2011), and only one study using electrophysiological measures (Szinnai et al., 2005). In
addition, the experimental conditions in these studies were limited, in that various
dehydration levels were produced using different dehydration protocols, thermal and
hydration states were often not well-controlled, and diverse analysis techniques were
employed. Therefore, the current study was designed to explore the influence of
dehydration upon brain electrical activity using rigidly controlled experimental conditions.
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Three hydration levels (euhydration, 3% dehydration, 5% dehydration) were induced using
a passive (thermal) dehydration protocol, and these target states were then clamped using
controlled isotonic-fluid administration during the recording of resting brain electrical
activity. Furthermore, thermal status was maintained at a thermoneutral level throughout
experimentation. It was hypothesised that when EEG was recorded over each hemisphere
and across three cortical regions (i.e. frontal, central-parietal and occipital) during eyeclosure, 3% to 5% dehydration induced by thermal sweating in resting, thermoneutral
individuals would result in increases in alpha power and decreases in beta power relative
to the euhydrated state, and these power spectral changes would occur in proportion to the
level of dehydration.

3.2 METHODS
3.2.1 Subjects
Eighteen healthy, physically active males were recruited and familiarised for participation
in this study, however, only eight males (Table 2.1) were able to complete all experimental
trials successfully. Subjects were screened to exclude those with low sweat rates, which
would result in unacceptable lengthy dehydration times (>3.5 h; N=6), visual impairment
(N=1), and those at risk for sub-clinical renal disease (positive kidney function blood test;
N=1), cardiovascular strain, musculoskeletal injury (N=1) or a previous history of
hyperthermia. In addition, one subject dropped out due to time constraints. All procedures
were approved by the Human Research Ethics Committee (HE09/373), University of
Wollongong, and all subjects provided written, informed consent.

3.2.2 Experimental procedures
This study consisted of three resting trials, which differed only in nature of the experimental
treatment. Subjects were gradually dehydrated to one of three hydration levels on different
trials: euhydration (control: 0% body-mass loss), 3% and 5% dehydration. Trials were
conducted at the same time of day and separated by at least seven days to avoid acclimation
affects (Barnett and Maughan, 1993). Trial sequences were balanced across subjects, except
for the first experimental trial, in which most subjects performed either the 5% dehydration
(N=4) or 3% dehydration (N=3) trial first, and only one subject completed the euhydration
trial first. This sequence was caused by the need to exclude subjects due to their low sweat
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rates.

A schematic overview of the experimental procedures is displayed in Figure 3.1.
Dehydration was achieved using a thermal dehydration protocol prior to each experimental
trial. The experimental trial was identical to the thermoneutral trial performed in study one
(Chapter Two), in which subjects were immersed in neutral water (34-35oC) to establish
a uniform thermoneutral mean body temperature (36oC). Hydration and thermal states were
then clamped throughout each experimental trial, whilst cognitive function and
physiological regulation were assessed.

3.2.2.1 Experimental protocol
At 0700 h, subjects arrived at the laboratory and were required to produce a spot urine
sample for confirmation of pre-experimental euhydration status. Subjects donned their
swimming costume and commenced seated rest in a temperate environment for
instrumentation. Baseline data were recorded and a baseline blood gas sample was collected
after at least 20 min of seated rest. Finally, starting body mass was recorded and subjects
commenced the dehydration phase (see Section 3.2.2.2). Once the target hydration state was
achieved, subjects rested for at least 1 h in the laboratory before preparation and
instrumentation for the experimental phase commenced (total recovery time >2 h). During
this rest and recovery period, controlled amounts of food and isotonic fluids were
administered, depending on the hydration status of the subject. For example, if a subject
lost an additional 0.6 kg of body mass due to persistent sweating or urine production during
recovery, this loss was immediately replaced by 0.3 kg of food (banana and dry biscuits)
and 0.3 L of isotonic-fluid. These food items were selected based on palatability, as well
as their relatively large caloric contribution (banana: ~3.8 kJ@g-1; biscuit: ~18.8 kJ@g-1), but
moderate to low water content (banana: ~0.74 mL@g-1; biscuit: <0.05 mL@g-1).

The experimental treatment and measurements after this recovery period were identical to
the thermoneutral trial performed in study one (see Section 2.2.2.2 for full details). In
summary, subjects were immersed (seated) in temperate water (34-35oC) to establish a
uniform thermoneutral state (mean body temperature of 36oC). Immersion times were equal
across all three trials. Each experimental trial consisted of two separate 30-min, seated rest
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Figure 3.1: Schematic overview of the experimental procedures: dehydration in the
thermoneutral condition. Dehydration to the target hydration state (0%, 3%, 5% body-mass
loss) was achieved using a thermal dehydration protocol prior to each experimental trial.
The experimental trial was identical to the thermoneutral trial performed in study one, in
which whole-body water immersion was performed to establish a uniform mean body
temperature (!b) at a thermoneutral level (36oC). Hydration and thermal states were
clamped throughout each trial, whilst cognitive function and physiological regulation were
assessed.
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phases: one for cognitive function assessment and the other for physiological measures.
Great care was taken to control posture during each trial due to its influence on blood
volume responses (Harrison, 1985). Subjects were in an upright seated position during
water immersion, transfers (wheelchair) and during each rest phase, except when body mass
was recorded and urine samples were collected. After a uniform thermoneutral state was
achieved, subjects were transferred into a climatic chamber (25oC, 50% relative humidity)
where body mass was recorded and a water-perfusion garment (Cool Tubesuit, Med-Eng,
Ottawa, Canada), insulating clothing (fire-fighter thermal protective clothing) and running
shoes were donned.

Subjects were then transferred via wheelchair to a neuropsychology laboratory (<10 min),
where they were placed inside a testing room and prepared for electrophysiological
measures (<10 min). Once mean body temperature was stable (36oC), cognitive function
assessment commenced, which consisted of three cognitive performance tasks (visual
perceptual, working memory, letter identification), electrophysiological measures (EEG
recordings during eyes-closed conditions) and five psychophysical and mood indices
(thermal sensation, thermal discomfort, thirst sensation, sleepiness and mood).

After the cognitive function measures were completed, subjects were transferred back to
the climatic chamber where all additional clothing was removed, body mass was recorded
and a urine sample was obtained. Subjects were seated on a chair in the chamber and data
collection commenced after 20 min of seated rest. The physiological measurements
included: core temperatures (oesophageal, auditory canal, rectal), skin temperatures
(forehead, chest, scapula, upper arm, forearm, hand, thigh, calf), heart rate, forearm blood
flow, cutaneous blood flow, blood pressure, local sweat rates (forehead, chest, scapula,
forearm), three blood samples and five psychophysical and mood indices. After 30 min of
seated rest, trials were terminated and supervised recovery commenced. Final body mass
was recorded and a final urine sample was obtained. Table 3.1 illustrates the experimental
timeline for each of these trials.

3.2.2.2 Dehydration protocol
The dehydration protocol consisted of intermittent whole-body water immersion. Subjects
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Table 3.1: Experimental timeline.
Time (min)

Activity summary

0

Subject arrival

0-2

Euhydration check: urine specific gravity <1.021

2-30

Subject instrumentation

30-35

Baseline data collection: heart rate, blood pressure,
core temperature, blood sample

38

Baseline body mass

39

Enter water immersion tank

40-2241

Dehydration protocol: intermittent warm-water immersion (39-41oC)

225

Exit water immersion tank

226

Body mass

Reset time:

Supervised rest and recovery:

0-120

food and isotonic drinks consumed

60

Urine sample

65-125

Subject preparation: instrumentation and practise perceptual task

125-130
Reset time:

Baseline data collection: heart rate, blood pressure, core and skin
temperatures, psychophysical and mood indices, blood sample
Pre-immersion body mass

0
3

Enter water immersion tank

5-332

Seated water immersion (34-35oC)

34

Exit water immersion tank

35

Enter climatic chamber: 25oC, 50% r.h.

1

Dehydration protocol times varied between subjects, averaging 185.0
min (±5.1).
2

Immersion times varied among subjects from 20 to 46 min (average 27.0
±1.2 min).
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36

Post-immersion body mass

36-40

Don water-perfusion suit, insulating clothing, shoes

40-50

Transfer to neuropsychology laboratory (wheelchair)

50

Enter testing room, transfer to chair

50-60

Subject preparation

60

Testing starts once body temperature stable: 36oC (thermoneutral)

60-85

Cognitive function testing: performance tasks, EEG measures,
psychophysical and mood indices

85

Transfer to wheelchair, exit testing room

85-95

Transfer to climatic chamber: 25oC, 50% r.h.

95-97

Take off water-perfusion suit, insulating clothing, shoes

97-100

Urine sample

100

Experimental body mass

101

Transfer to chair

101-131

Seated rest (30 min)
Physiological data collection (10 min): heart rate, blood pressure,

121-131

core and skin temperatures, sweat rates, skin blood flow,
psychophysical and mood indices, blood samples

131

Terminate experiment: supervised recovery

132

Post-experimental body mass

132-135

Urine sample
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were immersed supine up to the suprasternal notch in 39-41oC water (Figure 3.2), whilst
core temperature (auditory canal) was carefully monitored. Each time core temperature
reached 38.5oC, subjects were removed from the water and remained resting above the
water until core temperature dropped to 37.5oC. This temperature range was found to elicit
near maximal sweating without extreme discomfort. Subjects were then lowered back into
the water, and this cycle of intermittent warm-water immersion continued until the target
hydration state was achieved. Hydration status was tracked throughout the procedure from
changes in body mass, assuming these were wholly attributable to body-fluid loss (Baker
et al., 2009).

As sweat rates are highly individual, the duration of this dehydration protocol varied among
subjects, lasting between 137 and 242 min. Most subjects (N=4) completed the 5%
dehydration protocol first, so that their sweating response could be established, and this
immersion protocol was then replicated in subsequent trials. For the other subjects, the
sweating response was identified in either a familiarisation session (see Section 3.2.2.4) or
in previous experiments, and, therefore, these individuals were able to complete the
euhydration (N=1) or 3% dehydration (N=3) trials first. Once the target hydration level was
achieved, it was maintained using controlled isotonic-fluid intake. Thus, in the 3%
dehydration protocol, subjects drank 250-300 mL of isotonic-fluid every 15 min after the
target state was achieved, and in the euhydration trial subjects followed these drinking
guidelines from the start of immersion. This way, subjects were exposed to equal thermal
strain and treatment durations, and therefore potential side affects from the dehydration
protocol were identical before the experimental phase for all three trials. Furthermore, a 2-h
rest and recovery period was incorporated to ensure that any residual physiological or
cognitive affects from this dehydration protocol did not adversely affect data interpretation.

3.2.2.3 Experimental standardisation
The experimental standardisation for these trials was identical to study one (see Section
2.2.2.3 for full details). In summary, diet and fluid intake were controlled to ensure
adequate hydration states and nutritional levels three days prior to each trial, and physical
exercise was limited for the 12-h period before each trial. Upon arrival at the laboratory,
euhydration status was confirmed, and if not within the lower half of the adequately
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Figure 3.2: Experimental treatment: dehydration protocol. Dehydration was achieved using
a staged and clamped dehydration protocol prior to each experimental trial. Subjects were
immersed (supine) intermittently in 39-41oC water, to keep core temperature elevated
between 37.5oC and 38.5oC for optimal sweating responses, until the target dehydration
level (0%, 3%, 5% body-mass loss) was achieved.
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hydrated range (urine specific gravity <1.021; Armstrong et al., 1994), subjects were not
permitted to commence the experiment (N=2), and were tested on another day.

3.2.2.4 Familiarisation session
Each subject required at least one familiarisation session conducted at least four days before
the first experimental trial (see Section 2.2.4 for full details). Some of the initially recruited
subjects (N=9) required an additional familiarisation session to establish their sweating
response for the dehydration procedure. During this session, subjects were immersed
intermittently in warm-water (39-41oC) for a 1-1.5 h period, whilst changes in body mass
were recorded and sweat rate was calculated. If this sweat rate was low, such that a 5%
reduction in body mass could not be achieved within 3.5 h, subjects were excluded from
the study (N=6).

3.2.3 Measurements
The measurements recorded and samples collected during these trials (Table 3.1) were
identical to study one (see Section 2.2.3 for full details), and allowed for the assessment of
hydration state, thermal state, cardiovascular function, body fluid regulation and cognitive
function. These measurements are described in detail in the Section noted above, and are
summarised below for convenience.

3.2.3.1 Hydration state
3.2.3.1.1 Body mass
The water deficit level of each subject was tracked throughout each trial from changes in
semi-nude body mass, relative to the baseline body mass, which itself was the average of
three consecutive daily measurements obtained on the three mornings preceding each trial.
Body mass was recorded at arrival, intermittently during the dehydration protocol and
recovery period, pre-immersion, post-immersion, and before and after the experimental
trial. For more details, please see Section 2.2.3.1.1.

3.2.3.1.2 Serum osmolality
Serum osmolality was analysed using freezing-point osmometry. Venous blood samples
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were collected into serum vacutainers after 20 min seated rest in a climatic chamber. After
blood had clotted (~30 min), samples were centrifuged and serum was extracted and stored
at -80oC for later analysis (see Section 2.2.3.1.2).

3.2.3.1.3 Urinary indices
Mid-stream (spot) urine specimens were collected upon arrival and before and after each
experimental trial in sterile urine containers. Fresh specimens were used to measure urine
specific gravity. Samples were then transferred into Eppendorf tubes and stored at -80oC
for subsequent measurement of urine osmolality using the freezing-point depression
technique as described in Section 2.2.3.1.2.

3.2.3.2 Thermal state
3.2.3.2.1 Core temperature
Core temperature was derived as the mean of three sites: oesophagus, auditory canal and
rectum. Core temperature data were continuously monitored throughout each trial, and
recorded at 15-sec intervals using a portable data logger, and subsequently downloaded to
a computer for analysis. Please see Section 2.2.3.2.1 for full details.

3.2.3.2.2 Skin temperature
Skin temperatures were monitored at 15-sec intervals from thermistors located at eight sites
(forehead, right scapula, right upper chest, left arm, right forearm, right hand, right anterior
thigh, left calf). Measurements were recorded using a data logger and later downloaded to
a computer. These measurements were used to determine mean skin temperature according
to Equation 2.3 in Section 2.2.3.2.2.

3.2.3.2.3 Mean body temperature
Mean body temperature was calculated from mean core and skin temperatures according
to Equation 2.4 in Section 2.2.3.2.3.

All thermistors, including oesophageal, auditory canal, rectal and skin, were calibrated in
a stirred water bath against a calibrated referenced mercury thermometer. The procedure
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was described in Section 2.2.3.2.3. Linear analysis was performed on collected data and a
calibration equation was established for each thermistor. Using the coefficients of the linear
equations, thermistor output data were converted to the corrected temperatures.

3.2.3.2.4 Sweat rate
Total-body sweat loss was estimated from body-mass changes corrected for fluid intake and
urine production, but not for possible metabolic or respiratory losses. Measures were
recorded at arrival, intermittently during the dehydration protocol and recovery period, preimmersion, post-immersion, and at the start and conclusion of each chamber exposure.

Local sweat rates were measured from four sites (forehead, left scapula, left chest, left
forearm) in the climatic chamber after 20 min of seated rest using capacity hygrometry (see
Section 2.2.3.2.4 for full details). Outside the climatic chamber, all capsules were ventilated
using a portable air pump. Inside the chamber, capsules were connected to the system and
sweat rate was recorded at 1-s intervals and saved on a computer.

3.2.3.3 Cardiovascular function
3.2.3.3.1 Heart rate
Heart rate was monitored continuously from ventricular depolarisation at 15-s intervals and
subsequently downloaded to computer for storage.

3.2.3.3.2 Blood pressure
Brachial systolic and diastolic blood pressures were measured using an automatic digital
monitor at arrival, baseline and the end of the seated rest period. Mean arterial pressure was
calculated as one-third systolic pressure added to two-thirds diastolic pressure.

3.2.3.3.3 Forearm blood flow
Forearm blood flow data were measured using venous-occlusion plethysmography (see
Section 2.2.3.3.3 for more details). Forearm blood flow data were collected for 2 min at the
end of the seated rest period in the climatic chamber. Analog output from the
plethysmograph system, sampled at 20 Hz, was passed via an eight channel, 12-bit analogPage 152

to-digital converter to a computer for storage. Blood flow was calculated (Equation 2.7 in
Section 2.2.3.3.3) and normalised to changes in blood pressure and expressed in
conductance units.

3.2.3.3.4 Cutaneous blood flow
Data for cutaneous blood flow were collected (20 Hz) simultaneously with forearm blood
flow using laser-Doppler velocimetry (see Section 2.2.3.3.4 for full details). Prior to each
test, the integrity of the fibre optic probe and the electrical zero of the system were checked.
Analog output was passed via an eight channel, 12-bit analog-to-digital converter to a
computer for storage. Cutaneous blood flow was normalised to changes in blood pressure,
with cutaneous vascular conductance expressed as a percentage of the euhydration (control)
value.

3.2.3.4 Body-fluid regulation
3.2.3.4.1 Plasma volume
Plasma volume was determined indirectly from haematocrit and haemoglobin concentration
measurements (Straus et al., 1951; Dill and Costill, 1974). Venous samples were collected
into blood gas tubes after 20 min of seated rest, at arrival and before and after the
experimental trial. Samples were analysed immediately using a portable blood gas analyser.
Volumes were calculated using the percent changes in plasma volume as derived from
changes in haematocrit and haemoglobin concentration (Equation 2.8 in Section 2.2.3.4.1).
The percent change was then transformed to an absolute plasma volume by using a
prediction equation for baseline measurement of plasma volume (Equation 2.9 in Section
2.2.3.4.1).

3.2.3.4.2 Renal function
Renal function was assessed by determining urine output and urine flow. All urine
specimens used for analysis were midstream samples, but total urine volume was also
collected to measure total urine output (L) and calculate urine flow (mL@min-1).
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3.2.3.4.3 Electrolyte concentrations
Electrolyte concentrations (sodium, potassium and chloride) were measured in whole-blood
and plasma using a blood gas analyser (see Section 2.2.3.4.3 for full details). Whole-blood
was collected after 20 min of seated rest into a blood gas tube at arrival and before and after
each trial. Plasma was extracted from another blood sample collected simultaneously into
a lithium-heparin tube. In addition, the plasma content of these electrolytes was calculated
by multiplying these concentrations by the absolute plasma volumes.

3.2.3.5 Cognitive function
Cognitive function and psychophysical states were assessed via three measures: cognitive
performance tasks, electrophysiological measures, and sensation, comfort and mood ratings
(psychophysical indices and mood states).

3.2.3.5.1 Cognitive performance tasks
Three cognitive tasks were performed within each trial: a visual perceptual task
administered at two different levels of difficulty (easy: 85.1 ±3.7% mean accuracy;
difficult: 76.3 ±3.9% mean accuracy), a working memory task that was at a difficulty level
approximately equal to that of the easy perceptual task (84.2 ±3.5% mean accuracy), and
a letter identification task (98.1 ±0.9% mean accuracy). These performance tasks were
administered in a counterbalanced order and the stimulus sequence within each task was
randomly assigned to subjects. The variables recorded and analysed for each performance
task were accuracy (i.e. number of correct responses) and reaction time of the correct
responses. In addition, performance accuracy data were analysed according to the signal
detection theory model (Green and Swets, 1966), with the sensitivity index determined
from the statistic d-prime and response bias from the statistic criterion. Please see Section
2.2.3.5.1 for more details.

3.2.3.5.2 Electrophysiological measures
Resting EEG data were recorded during eyes-closed conditions from 6 electrodes according
to the international 10-20 system (F3, F4, CP3, CP4, O1, O2; Figure 2.5), grounded
midway between Fz and FPz and referenced midway between Cz and CPz.
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Electroocculogram (EOG) data were recorded from electrodes placed above (E1) and below
(E3) the left eye, and at the outer canthi of the left (E5) and right (E6) eye. Power spectral
analyses were performed to determined absolute power in the alpha (8-13 Hz) and beta (1330 Hz) bands at each electrode. For full details about EEG and EOG data acquisition and
analyses, please see Section 2.2.3.5.2.

3.2.3.5.3 Psychophysical indices and mood states
Subjective ratings of thermal sensation, thermal discomfort, thirst sensation and sleepiness
were recorded at baseline, after completion of the cognitive performance tasks and during
the physiological measurement period (Figure 2.6). In addition, subjects were asked to
complete a visual analogue mood scale (Figure 2.7) at baseline, prior to commencing the
cognitive performance tasks and prior to physiological measures being taken. Three factors
(alertness, contentedness, calmness) were extracted and the mean score of each factor was
determined. Please see Section 2.2.3.5.3 for more details.

3.2.4 Experimental design and statistical analysis
This study used a repeated measures design, with subjects (N=8; unless stated otherwise)
acting as their own controls, participating in all three trials. The experimental design
(Figure 3.3) consisted of one factor (hydration level) with three levels (euhydration, 3%
and 5% dehydration), and comparisons were made across these levels.

3.2.4.1 Statistical analyses: physiological data
Parametric statistics were used to analyse the physiological data, including the
psychophysical indices and mood states. Differences between hydration levels were
identified using one-way Analysis of Variance with repeated measures, followed by
Tukey’s HSD post hoc tests to isolate the sources of significance. Alpha was set at the 0.05
level for all statistical comparisons, with data reported as means and standard errors of the
means (±), unless stated otherwise as standard deviation (SD). In all cases of nonsignificant differences, post hoc power analyses were performed to evaluate the strength of
the experimental design (Cohen, 1988), in which a statistical power of greater than 0.8 (i.e.
beta <0.2) was considered statistically powerful. Furthermore, biological variation analysis
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Figure 3.3: Experimental design of study two: dehydration in the thermoneutral condition.
Physiological regulation and cognitive function were evaluated in thermoneutral, resting
individuals at each of three hydration level: euhydration (0%), 3% dehydration, 5%
dehydration. Comparisons were made along the ordinate (y-axis) only.
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was performed to quantify the components of analytical and biological variability (see
Section 2.2.4.1 for full details).

3.2.4.2 Statistical analyses: cognitive function data
Due to the exploratory nature of this aspect of the project, and the relatively small sample
size for these type of measures, planned non-parametric comparisons were considered to
be more appropriate for the cognitive function measures. Since these do not have the degree
of flexibility that parametric tests have, simplified group variables were computed for the
performance and electrophysiological measures to allow relevant hypotheses to be tested.
Differences between three or more groups were identified using the Friedman test, followed
by Wilcoxon signed-rank post hoc tests conducted with a Bonferroni correction applied.
Differences between two groups were identified using the Wilcoxon signed-rank test. Alpha
was initially set at the 0.05 level for all comparisons, with data reported as means and
standard errors of the means (±), unless stated otherwise as standard deviation (SD).

3.2.4.2.1 Cognitive performance tasks
Each variable recorded and computed for the performance tasks (i.e. accuracy, reaction
time, sensitivity index and response bias) was analysed separately to evaluate the
dehydration affects upon cognitive domain and task difficulty.

For cognitive domain, data from the working memory and the easy perceptual tasks were
compared and the following grouped categories were computed: (1A) working memory,
with data from the working memory tasks averaged across the three hydration levels; (1B)
easy perceptual, with data from the easy perceptual tasks averaged across the three
hydration levels; (1C) euhydration, with data from the euhydration trials averaged across
these two tasks; (1D) 3% dehydration, with data from the 3% dehydration trials averaged
across these two tasks, (1E) 5% dehydration, with data from the 5% dehydration trials
averaged across these two tasks. These groups were then compared to evaluate the affects
on cognitive domain (1A versus 1B) and hydration level (1C versus 1D, 1C versus 1E, 1D
versus 1E). Furthermore, the interaction between cognitive domain and hydration level was
assessed by computing the difference between the working memory and easy perceptual
tasks for each of the euhydration (group 1F), 3% dehydration (group 1G) and 5%
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dehydration (group 1H) trials, and by comparing these groups.

Similarly, for task difficulty the data from the easy and difficult perceptual tasks were
compared and the following grouped categories were computed: (1A) easy perceptual, with
data from the easy perceptual tasks averaged across the three hydration levels; (1B) difficult
perceptual, with data from the difficult perceptual tasks averaged across the three hydration
levels; (1C) euhydration, with data from the euhydration trials averaged across these two
tasks; (1D) 3% dehydration, with data from the 3% dehydration trials averaged across these
two tasks, (1E) 5% dehydration, with data from the 5% dehydration trials averaged across
these two tasks. These groups were then compared to evaluate the affects on task difficulty
(1A versus 1B) and hydration level (1C versus 1D, 1C versus 1E, 1D versus 1E).
Furthermore, the interaction between cognitive domain and hydration level was assessed
by computing the difference between the working memory and difficult perceptual tasks
for each of the euhydration (group 1F), 3% dehydration (group 1G) and 5% dehydration
(group 1H) trials, and by comparing these groups.

3.2.4.2.2 Electrophysiological measures
Alpha and beta power were analysed separately to explore the hydration affects upon these
spectral bands in the eyes-closed conditions. Within each band, data from all six electrodes
(F3, F4, CP3, CP4, O1, O2) were used to compute the following groups for the
topographical dimensions (i.e. sagittal and lateral) and dehydration.

For the topographical dimensions, mean data from the frontal (F3, F4), central-parietal
(CP3, CP4) and occipital (O1,O2) electrode sites were each averaged across the three
hydration levels, and these three groups were compared to evaluate differences in the
sagittal dimension. Also, mean data from the left (F3, CP3, O1) and right hemisphere (F4,
CP4, O2) were each averaged across the three hydration levels, and these two groups were
compared to assess differences in the lateral dimension.

For hydration level, mean data from each of the euhydration, 3% and 5% dehydration trials
were each averaged across sagittal and lateral dimensions (F3, F4, CP3, CP4, O1, O2), and
these three groups were compared to determine global changes as a result of the
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dehydration manipulation.

Furthermore, additional groups were computed to assess possible interactions between
hydration level, sagittal and lateral dimensions. Firstly, the differences between the left and
right hemisphere for the frontal, central-parietal and occipital regions (three groups) were
calculated to assess the interaction between the sagittal and lateral dimension. Secondly,
the differences between the left and right hemisphere for the euhydration, 3% and 5%
dehydration trials (three groups) were computed to determine the interaction between
hydration level and the lateral dimension. Thirdly, the differences between each hydration
level for the frontal, central-parietal and occipital regions (nine groups) were calculated to
assess the interaction between the hydration level and the sagittal dimension. Finally, the
interaction between hydration level, sagittal and lateral dimension was explored by
computing the differences between each hydration level for the left and right hemisphere
within the frontal, central-parietal and occipital regions (nine groups).

3.3 RESULTS
3.3.1 Pre-experimental standardisation
Since the aim of this study was to investigate the independent influence of dehydration
upon physiological regulation and cognitive function, it was essential to commence each
trial with adequately hydrated subjects, and to minimise inter-individual variability in the
pre-experimental hydration level across trials. Table 3.2 contains physiological data
recorded before commencing the dehydration protocol for the euhydration (0%), 3% and
5% dehydration trials. The first criterion was achieved, with every subject presenting in a
euhydrated state (urine specific gravity <1.021; Armstrong et al., 1994). Moreover, no
differences between trials were observed for the baseline measures of body mass, urine
specific gravity, plasma volume or any of the blood constituents (Table 3.2; P>0.05 and
power >0.8 for each comparison), confirming the equivalence in hydration status of these
subjects in the morning of the three dehydration trials. Furthermore, the baseline status for
thermal and cardiovascular states were also standardised across these trials (Table 3.2), with
no between-trial differences in pre-experimental status of these subjects (P>0.05 and power
>0.8 for each comparison). In addition, intra-individual coefficients of variation indicate
that the variability in subject status between trials was low for each of these baseline
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Table 3.2: Physiological variables recorded at rest during baseline for the euhydration (0%), 3% and 5% dehydration trials, with biological variation in
subject status between trials represented by intra-individual coefficients of variability (CVI). Data are means with standard errors of the means (N=8).
Variable

0%

3%

5%

CVI (%)

Body mass (kg)

74.82 ±3.25

74.73 ±3.20

74.40 ±3.19

0.7

Urine specific gravity

1.011 ±0.002

1.011 ±0.002

1.014 ±0.002

0.5

Haematocrit (%)

45 ±1

44 ±1

46 ±1

4.3

Haemoglobin concentration (g@100 mL-1)

15 ±0

14 ±0

15 ±0

4.5

Plasma volume (L)

3.04 ±0.09

3.04 ±0.09

3.04 ±0.09

0.4

Sodium concentration (mmol@L-1)

139 ±0

140 ±1

140 ±1

1.6

Potassium concentration (mmol@L-1)

3.9 ±0.1

4.1 ±0.1

3.8 ±0.1

6.1

Chloride concentration (mmol@L-1)

107 ±1

107 ±1

106 ±1

1.1

Auditory canal temperature (oC)

36.42 ±0.10

36.41 ±0.12

36.29 ±0.13

-

Heart rate (beats@min-1)

66 ±4

64 ±5

62 ±4

10.6

Systolic blood pressure (mmHg)

115 ±2

123 ±3

117 ±2

6.6

Diastolic blood pressure (mmHg)

72 ±2

76 ±3

77 ±2

6.8

Mean arterial pressure (mmHg)

87 ±1

92 ±3

90 ±2

4.6

Note: Electrolyte concentrations were measured in whole-blood samples collected during baseline.
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measures (Table 3.2). Since these baseline data matched those which may be expected
within the resting state for healthy subjects (Holmgren et al., 1960; Hardy and Stolwijk,
1966; Pearson et al., 1995; Kratz et al., 2004), it can be assumed that differences observed
during experimental treatments may be wholly associated with normal physiological
function, as influenced by the dehydration manipulation used within the current study.

3.3.2 Experimental treatment: dehydration protocol
A thermal dehydration protocol (see Section 3.2.2.2) was used to achieve three hydration
states: euhydration, 3% and 5% dehydration. This protocol consisted of intermittent wholebody water immersion (water temperature: 39-41oC) to elicit an optimal sweating response
by maintaining core temperature at a mild-moderate level of hyperthermia. Once the target
hydration state was achieved, it was clamped throughout the rest of the trial using
controlled (isotonic) fluid administration.

The duration of the dehydration protocol was dependent on the sweating response of each
subject and was, therefore, highly variable among subjects ranging between 137 and 242
min (average: 185.0 ±5.1 min). For instance, whole-body sweat rates as low as 0.21 L@h-1
upwards to 1.98 L@h-1 were observed in these subjects during this procedure. Nevertheless,
once this sweating response was established during the first dehydration protocol, it was
then replicated for each subject in subsequent trials, with average water temperature, time
spent in and out of the water and total protocol duration being equivalent within subjects.
Furthermore, whole-body sweat loss was similar across these protocols (P>0.05; power
>0.8), averaging 3.42 L (±0.57), 3.77 L (±0.36) and 3.54 L (±0.25) for the euhydration, 3%
and 5% dehydration conditions, respectively. Thus, each subject was ultimately exposed
to a similar level of physiological strain during these dehydration procedures, regardless of
the target hydration level that was achieved on the day. The only difference between these
protocols was the volume of isotonic-fluid administered, with subjects consuming on
average 2.19 L (±0.26) in the euhydration and 1.14 L (±0.36) in the 3% dehydration
condition to maintain their target body mass, whilst receiving no fluids in the 5%
dehydration condition. This procedure resulted in attaining the target hydration levels
within <0.05% of the mass targets (euhydration: 0.001%; 3% dehydration: 0.030%; 5%
dehydration: 0.049%) once the dehydration protocol was completed.
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An example of the dehydration procedure has been illustrated in Figure 3.4, which displays
the core and water temperature for one subject (S7) during the euhydration (A), 3%
dehydration (B) and 5% dehydration (C) trials from pre-immersion (0 min) until
termination of the protocol (157 min). A similar pattern was typically present during each
procedure, with only slight variations in temperatures and immersion times between trials.
Indeed, for this subject the temperature of the water was controlled between 39.0-40.6oC,
38.8-40.5oC, and 39.8-40.8oC, resulting in core temperature fluctuations of 36.8-38.4oC,
36.9-38.8oC and 36.8-38.4oC during each dehydration procedure for the euhydration, 3%
and 5% dehydration conditions, respectively. Furthermore, water immersion times were
also equal between the euhydration, 3% and 5% dehydration procedures, with this subject
spending 89 min, 87 min and 89 min in the water and 68 min, 70 min and 68 min out of the
water, respectively. This procedure achieved for this subject whole-body sweat losses of
5.1 kg (sweat rate: 1.9 L@h-1) in the euhydration, 5.2 kg (sweat rate: 2.0 L@h-1) in the 3%
dehydration, and 3.8 kg (sweat rate: 1.4 L@h-1) in the 5% dehydration protocols. These sweat
losses were carefully matched by controlled isotonic-fluid intake during the euhydration
(total fluid: 1.9 L) and 3% dehydration (total fluid: 2.3 L) procedures, so that the target
hydration levels were achieved: 0.1% (euhydration), 3.0% (3% dehydration) and 4.9% (5%
dehydration).

These dehydration targets were then clamped throughout each experimental trial using
controlled fluid replacement strategies (see Section 2.2.2.3). On average, subjects consumed
0.89 L (±0.18), 0.22 L (±0.06) and 0.05 L (±0.03) of fluids in the euhydration, 3% and 5%
dehydration trials, respectively. This fluid replacement strategy resulted in clamping the
dehydration targets, with no significant differences between the start and the end of each
trial (P>0.05; power >0.8), only between each hydration state (P<0.01; Table 3.3). In
addition, these differences were corroborated by the other hydration indices measured
during the physiological measurement phase. For instance, serum osmolality increased as
a result of dehydration, with a significant difference between euhydration and 5%
dehydration (P<0.01). Furthermore, both urine specific gravity and urine osmolality
increased during these trials, with significant differences present between euhydration
relative to 3% and 5% dehydration conditions (P<0.01 for each comparison), but not
between the start and the end of each trial (P>0.05 and power >0.8 for each comparison).
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Figure 3.4: An example of the temperature manipulation used in the dehydration protocol,
displaying core (auditory canal; solid) and water temperatures (dotted) during the
euhydration (A), 3% dehydration (B) and 5% dehydration (C) procedures. Vertical sections
represent different immersion phases: water immersion (hatched), no immersion (open).
Symbols (*) identify times of fluid administration. Data are from one subject (S7) only.
Page 163

Table 3.3: Hydration indices measured at rest during two separate experimental phases, averaged over the first minute (start), last minute (finish) and
entire cognitive assessment phase or final ten minutes of the physiological measurement phase (average) during euhydration (0%), 3% and 5%
dehydration. Data are means with standard errors of the means (N=8). Significant differences (P<0.05) are indicated by the symbols: (§) euhydration
versus corresponding 3% and 5% dehydration, (†) 3% versus corresponding 5% dehydration.
Cognitive function assessment
Variables

Body-mass
changes (%)
Serum osmolality
(mOsm@kg H2O-1)
Urine specific
gravity

Urine osmolality
(mOsm@kg H2O-1)

Physiological measures

Time
0%

3%

5%

0%

3%

5%

Start

0.04 ±0.09

2.78 ±0.05§

4.71 ±0.06§†

0.00 ±0.11

2.99 ±0.06§

5.03 ±0.04§†

End

0.00 ±0.11

2.99 ±0.06§

5.03 ±0.04§†

0.29 ±0.13

3.28 ±0.08§

5.25 ±0.05§†

Average

0.02 ±0.08

2.88 ±0.05§

4.87 ±0.05§†

0.14 ±0.09

3.14 ±0.06§

5.14 ±0.04§†

Average

-

-

-

280 ±1

285 ±2

289 ±2§

Start

-

-

-

1.004 ±0.001

1.029 ±0.003§

1.035 ±0.002§†

End

-

-

-

1.003 ±0.001

1.026 ±0.003§

1.034 ±0.002§†

Average

-

-

-

1.003 ±0.001

1.028 ±0.003§

1.034 ±0.002§†

Start

-

-

-

94 ±15

815 ±81§

924 ±75§†

End

-

-

-

91 ±9

764 ±90§

931 ±55§†

Average

-

-

-

93 ±12

790 ±84§

927 ±54§†
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Moreover, thermal state was maintained at a thermoneutral level during each of these trials
(Table 3.4), with no significant differences for mean core (P>0.05; power >0.8), mean skin
(P>0.05; power <0.8) and mean body temperature (P>0.05; power >0.8) between the
euhydration, 3% and 5% dehydration trials. However, a significant decrease in mean skin
temperature was present during the physiological measures phase at each hydration level
(P<0.05; Table 3.4), though no within-trial differences were present for mean core and
mean body temperatures during these trials (P>0.05 and power >0.8 for each comparison).

Overall, it can be concluded that the required experimental control was achieved, with
hydration state clamped at either a euhydrated, 3% or 5% dehydrated level using a passive
(thermal) dehydration protocol. Furthermore, mean body temperature was maintained
throughout each trial at a thermoneutral level to isolate the affect of dehydration from those
of temperature. Therefore, it can be assumed that any changes observed in physiological
regulation or cognitive function in this experiment were highly probable to have resulted
from modulations in hydration status alone.

3.3.3 Body-fluid responses
Since subjects were resting in a thermoneutral environment during each experimental trial,
fluid losses, corrected for fluid intake and urine production, were most likely
transepidermal under these conditions (Taylor and Machado-Moreira, 2013). Although
transepidermal water loss only marginally contributes to body fluid regulation, these data
provided an important baseline to which the other experimental treatments (i.e.
hyperthermia and exercise; see Chapters Four and Five) could be compared. On average,
subjects lost 0.06 kg (±0.06) of fluid in the euhydration, 0.15 kg (±0.03) in the 3%
dehydration and 0.22 kg (±0.03) in the 5% dehydration trials (P>0.05; power >0.8), which
corresponds to respective whole-body, transepidermal water losses of 0.06 L@h-1 (±0.06),
0.14 L@h-1 (±0.03) and 0.20 L@h-1 (±0.03; P>0.05; power >0.8). Similarly, local
transepidermal water losses measured at the forehead, chest, scapula and forearm were low
under these conditions (Table 3.5), with no significant differences between trials (P>0.05
and power >0.8 for each comparison). However, regional differences were observed in the
euhydration condition (Table 3.5), with greater transepidermal water loss at the forehead
relative to the chest (P<0.05) and forearm (P<0.05).
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Table 3.4: Temperatures and heart rate recorded at rest during two separate experimental phases, averaged over the first minute (start), last minute
(finish) and entire cognitive assessment phase or final ten minutes of the physiological measurement phase (average), in the euhydration (0%), 3%
and 5% dehydration trials. Data are means with standard errors of the means (N=8). Significant differences (P<0.05) are indicated by the symbols:
(§) euhydration versus corresponding 5% dehydration, (¶) start versus corresponding end.
Cognitive function assessment
Variables

Mean core
temperature (oC)

Mean skin
temperature (oC)

Mean body
temperature (oC)
Heart rate
(beats@min-1)

Physiological measures

Time
0%

3%

5%

0%

3%

5%

Start

37.03 ±0.07

37.11 ±0.11

37.27 ±0.10

37.00 ±0.08

37.08 ±0.14

37.24 ±0.12

End

36.91 ±0.07

37.00 ±0.13

37.11 ±0.11

37.03 ±0.08

37.12 ±0.13

37.26 ±0.13

Average

36.96 ±0.07

37.04 ±0.12

37.17 ±0.11

37.02 ±0.08

37.11 ±0.14

37.26 ±0.12

Start

32.94 ±0.19

32.48 ±0.22

32.68 ±0.17

32.18 ±0.12

32.11 ±0.17

32.30 ±0.19

End

33.55 ±0.22

33.26 ±0.25

33.69 ±0.20

31.19 ±0.13¶

31.16 ±0.20¶

31.35 ±0.23¶

Average

33.30 ±0.20

33.01 ±0.24

33.32 ±0.21

31.70 ±0.12

31.64 ±0.19

31.84 ±0.22

Start

36.21 ±0.08

36.18 ±0.09

36.35 ±0.10

36.04 ±0.07

36.08 ±0.12

36.25 ±0.12

End

36.34 ±0.09

36.25 ±0.10

36.43 ±0.13

35.86 ±0.07

35.93 ±0.12

36.08 ±0.12

Average

36.23 ±0.09

36.23 ±0.09

36.40 ±0.12

35.96 ±0.07

36.02 ±0.12

36.18 ±0.12

Average

60 ±3

64 ±4

67 ±4§

60 ±3

65 ±6

70 ±4
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Table 3.5: Local transepidermal water losses recorded in thermoneutral, resting conditions
during the physiological measurement phase at four different sites in the euhydration (0%),
3% and 5% dehydration trials. Data are means with standard errors of the means (N=7).
Significant differences are indicated by symbols: (*) forehead versus chest sweat rate; (#)
forehead versus forearm sweat rate.
Transepidermal water

0%

3%

5%

Forehead

0.07 ±0.02

0.10 ±0.05

0.08 ±0.03

Chest

0.04 ±0.02*

0.02 ±0.01

0.03 ±0.01

Scapula

0.08 ±0.08

0.01 ±0.01

0.01 ±0.01

Forearm

0.02 ±0.01#

0.04 ±0.01

0.05 ±0.01

Average

0.05 ±0.03

0.04 ±0.03

0.04 ±0.01

loss (mg@cm-2@min-1)
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As expected, plasma volume, determined indirectly from haematocrit and haemoglobin
concentration (Table 3.6), decreased significantly as a result of the dehydration
manipulation (P<0.05). Plasma volume averaged 2.75 L (±0.09) during euhydration, with
3% dehydration inducing a significant 12.1% (±4.4) reduction in plasma volume
downwards to 2.41 L (±0.08), whilst 5% dehydration resulted in a significant 12.4% (±3.2)
reduction, corresponding to an absolute volume of 2.39 L (±0.03). Since no differences
were present between 3% and 5% dehydration, these data imply that plasma volume was
defended at the highest level of dehydration that was achieved in the current study.

Regardless of these reductions in plasma volume during dehydration, plasma sodium and
chloride contents decreased significantly as a result of dehydration (P<0.05 for each
comparison), with respective reductions of 10% (±4) and 11% (±4; Table 3.6) observed
during 3% dehydration relative to euhydration, and of 12% (±3) and 11% (±3; Table 3.6)
during 5% dehydration, whilst the plasma potassium content remained unchanged (P>0.05;
power >0.8). Nonetheless, this net solute loss was not reflected in the plasma
concentrations, as electrolyte concentrations increased significantly as a result of
dehydration (P<0.05 for each comparison; Table 3.6), with a greater concentration of
sodium and potassium during 3% dehydration compared to euhydration, and a greater
concentration of sodium, potassium and chloride during 5% dehydration relative to
euhydration. Accordingly, serum osmolality increased significantly during 5% dehydration
(P<0.01; Table 3.3).

Since renal function represents the principal avenue for regulating total body water
(Montain and Cheuvront, 2008; Popkin et al., 2010), and thereby osmotic homeostasis,
significant reductions in urine output were observed in these subjects during 3% and 5%
dehydration relative to euhydration (P<0.05; Table 3.6), decreasing on average by 83.7%
and 91.1%. Similarly, respective urine flows decreased on average by 89.8% and 94.3%
(P<0.05; Table 3.6). Thus, dehydration resulted in a substantial decrease in urine
production, thereby defending plasma volume.

In summary, dehydration caused a significant decrease in plasma volume, although plasma
volume was defended at the highest level of dehydration. Furthermore, a significant loss
Page 168

Table 3.6: Blood plasma constituents and renal function measured in thermoneutral, resting
conditions during the physiological measurement phase in the euhydration (0%), 3% and
5% dehydration trials. Data are means with standard errors of the means (N=8). Significant
differences (P<0.05) are indicated by the symbols: (§) euhydration versus 3% and 5%
dehydration.
Variable

0%

3%

5%

Haematocrit (%)

48 ±0

50 ±1

52 ±1

16 ±0

16 ±0

17 ±0

Sodium concentration (mmol@L-1)

137 ±1

141 ±1§

141 ±1§

Sodium content (mmol)

378 ±13

339 ±12§

334 ±4§

Potassium concentration (mmol@L-1)

3.9 ±0.1

4.2 ±0.1§

4.3 ±0.1§

Potassium content (mmol)

10.6 ±0.4

10.1 ±0.3

10.3 ±0.1

Chloride concentration (mmol@L-1)

106 ±1

107 ±1

109 ±1§

Chloride content (mmol)

291 ±11

258 ±9§

258 ±3§

Urine output (L)

0.63 ±0.06

0.10 ±0.03§

0.06 ±0.01§

Urine flow (mL@min-1)

10.8 ±6.0

1.1 ±0.9§

0.6 ±0.3§

Haemoglobin concentration
(g@100 mL-1)
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of electrolytes from the plasma occurred. However, this net loss of solutes was not reflected
in the plasma concentrations, and serum osmolality was significantly increased at 5%
dehydration.

3.3.4 Cardiovascular responses
Similar to sudomotor function, vasomotor responses were also controlled at a low level
during these resting, thermoneutral trials, but these data established an important
benchmark for subsequent comparisons (see Chapters Four and Five). Forearm vascular
conductance averaged 2.3 mL@100 mL tissue-1@min-1@mmHg@100-1 (±0.7) in the euhydration,
2.7 mL@100 mL tissue-1@min-1@mmHg@100-1 (±0.7) in the 3% dehydration, and 3.6 mL@100
mL tissue-1@min-1@mmHg@100-1 (±1.8) in the 5% dehydration condition, with no significant
difference between trials (P>0.05; power >0.8). Likewise, no differences were present in
changes in cutaneous vascular conductance during 3% (16.7 ±16.0%) and 5% (10.8
±10.9%) dehydration relative to euhydration (P>0.05; power >0.8).

An example of typical heart rate responses during these trials is illustrated in Figure 3.5,
which displays heart rate recorded for one subject (S7) in the euhydration, 3% and 5%
dehydration conditions from pre-immersion (0 min) until trial termination (130 min). Heart
rate was controlled at a steady-state level during the physiological measurement phase in
each of these trials, although a progressive elevation in proportion to the level of
dehydration was present, reflecting blood pressure regulation in this subject. Similarly,
when heart rate responses were averaged during this measurement phase for all subjects
(Table 3.4), this gradual increase could be observed, although no significant differences
were present between the euhydration, 3% and 5% dehydration trials (P>0.05; power >0.8).

Moreover, blood pressures were well regulated in these experimental conditions (Figure
3.6), although these values differed from the respective baseline data (Table 3.2) during 3%
and 5% dehydration (P<0.05 for each comparison; Figure 3.6). Furthermore, systolic
pressure decreased as a result of dehydration, but this reduction was only significant
between euhydration and 5% dehydration (P<0.05; Figure 3.6). Nevertheless, no
differences were observed for diastolic blood pressure (P>0.05; power >0.8), and as a result
mean arterial pressure remained unchanged during euhydration, 3% and 5% dehydration
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Figure 3.5: An example of the heart rate responses during the euhydration (0%; solid, light
grey), 3% dehydration (dashed, dark grey) and 5% dehydration (black, dotted) trials from
pre-immersion (0 min) until trial termination (130 min). Vertical lines represent different
phases during these trials. Data are from one subject (S7) only.
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Figure 3.6: Blood pressures measured in thermoneutral, resting conditions during the
physiological measurement phase in the euhydration (0%; white), 3% dehydration (grey)
and 5% dehydration (black) trials, including systolic, diastolic and mean arterial pressure.
Hatched bars before each trial specific bar show the pre-experimental baseline data. Data
are means with standard errors of the means. Significant differences (P<0.05) are indicated
by the symbols: (*) baseline versus experimental values, (§) euhydration versus 5%
dehydration.
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(P>0.05; power >0.8).

In summary, 3% to 5% dehydration had no adverse influences upon the cardiovascular
system as vascular conductance, heart rate and blood pressures were not affected during
these experiments, except for systolic pressure, which was significantly reduced during 5%
dehydration. However, mean arterial pressure was ultimately not compromised as a result
of dehydration.

3.3.5 Cognitive function
Similar to the physiological measurement phase, hydration and thermal states were also
clamped at a steady-state level throughout the assessment of cognitive function (Tables 3.3
and 3.4), as no significant differences were observed between the start and end of this
testing phase for either changes in body mass (P>0.05; power >0.8) or mean core (P>0.05;
power >0.8), mean skin (P>0.05; power >0.8) and mean body temperature (P>0.05; power
>0.8). To maintain their target hydration level, subjects consumed (on average) 0.99 L
(±0.09), 0.16 L (±0.02) and 0.20 L (±0.00) of isotonic-fluid during the assessment of
cognitive function in the respective euhydration, 3% and 5% dehydration trials, which
resulted in the achievement of significantly different hydration levels (P<0.05; Table 3.3).
Furthermore, resting heart rate was elevated during this testing phase, with a significant
difference between the euhydration and 5% dehydration condition (P<0.05; Table 3.4).

As expected, thirst sensation changed during these trials, with subjects reporting on average
feeling not thirsty (1.3) during euhydration, a little thirsty (3.0) during 3% dehydration and
moderately thirsty (5.6) during 5% dehydration, and these differences were significant
between euhydration and 5% dehydration, as well as 3% and 5% dehydration (P<0.01;
Table 3.7). Furthermore, subjects reporting feeling neutral (7.3) in body temperature during
these conditions, although a tendency towards reporting feeling slightly cool (6.8) during
the 3% dehydration compared to slightly warm (7.5) during the 5% dehydration trials was
observed (P>0.05; power >0.8; Table 3.7). In addition, no differences were present for
thermal comfort (P>0.05; power >0.8) or state of alertness (P>0.05; power >0.8), with
subjects reporting feeling comfortable (1.1-1.6) and somewhere between neither alert, nor
sleepy (5.8) and sleepy, but no difficulty remaining awake (6.1) during these conditions
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Table 3.7: Psychophysical indices and mood states recorded in thermoneutral, resting
conditions during cognitive function assessment in the euhydration (0%), 3% and 5%
dehydration trials, including three thermal and one sleepiness scale (N=8), and three factors
for mood states (N=7). Data are means with standard errors of the means. Significant
differences (P<0.05) are indicated by the symbols: (§) euhydration versus 5% dehydration,
(†) 3% versus 5% dehydration.
Variable

0%

3%

5%

Thermal sensation (1-13)

7.3 ±0.2

6.8 ±0.2

7.5 ±0.2

Thermal discomfort (1-5)

1.1 ±0.1

1.1 ±0.1

1.6 ±0.3

Thirst sensation (1-9)

1.3 ±0.2

3.0 ±0.7

5.6 ±0.7§†

Sleepiness sensation (1-9)

5.8 ±0.8

6.1 ±0.6

6.1 ±0.6

Factor one: alertness (0-10)

3.1 ±0.8

3.2 ±0.6

4.3 ±0.9

Factors two: contentedness (0-10)

2.3 ±0.7

2.5 ±0.6

2.9 ±0.7

Factor three: calmness (0-10)

2.1 ±0.6

2.2 ±0.4

2.4 ±0.6

Note: Numbers in parentheses represent the extremes on each psychophysical and mood
scale.
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(Table 3.7). Similarly, no differences were observed for the three factors for mood states
(P>0.05 and power >0.8 for each comparison), with the following mood states reported
during these trials: alert (3.1-4.3) for factor one, contented (2.3-2.9) for factor two and calm
(2.1-2.4) for factor three (Table 3.7).

Overall, hydration and thermal states were maintained throughout the assessment of
cognitive function. However, cardiovascular strain was elevated as a result of 5%
dehydration and changes in the sensation of thirst were also observed during these
experiments. Accordingly, the influences of these alterations elicited by the dehydration
manipulation upon cognitive task performance and brain electrical activity were explored
during these steady-state conditions.

3.3.5.1 Cognitive task performance
3.3.5.1.1 Preliminary analysis
The task difficulty manipulation was confirmed for each performance task from the
accuracy data of the euhydrated, thermoneutral trial (Figure 2.14), which was explained in
the previous Chapter (see Section 2.3.5.1.1 for full details). In summary, accuracy of the
easy perceptual task was approximately equal to that of the working memory task (P>0.05),
which verified that comparisons between these two cognitive domains were valid.
Furthermore, accuracy for the easy perceptual task was significantly higher than that of the
difficult perceptual task (P<0.05), confirming that the task difficulty manipulation within
the visual perceptual domain was also achieved. In addition, there were no indications of
differences in accuracy for the letter identification task as a function of the dehydration
manipulation (0% trial: 96.5 ±2.6%; 3% trial: 99.2 ±0.3%; 5% trial: 98.8 ±0.4%; P>0.05).
Thus, any changes in cognitive performance would appear to be independent of variations
in visual acuity.

3.3.5.1.2 Main analyses: dehydration affect upon cognitive domains
To evaluate the influence of dehydration on different cognitive domains (i.e. task types),
comparisons were made between the easy perceptual and working memory tasks. For
accuracy, there were no main effects of task type (P>0.05) or hydration level (P>0.05), and
there was no significant interaction (P>0.05; Figure 3.7A). These data suggest that the total
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number of correct responses (i.e. hits and correct rejections) was not influenced by
dehydration, nor was it a function of the cognitive domain tested.

Similarly, for reaction time there were no main effects of task type (P>0.05) or hydration
level (P>0.05 for all comparisons), and there was no significant interaction (P>0.05; Figure
3.7B), meaning that response speed was not affected by either 3% to 5% dehydration, nor
a function of cognitive domain.

Performance accuracy data were then further analysed according to the signal detection
theory model. For both the sensitivity index (i.e discriminative ability) and response bias
(i.e. strategy selection), no main effects of task type (P>0.05) or hydration level (P>0.05)
were observed, and there were no significant interactions (P>0.05; Figure 3.8). These
results suggest that subjects were able to discriminate equally between the targets and
distractors in these tasks under these conditions and that the selection of a response strategy
was not affected.

In summary, 3% to 5% dehydration did not have any adverse consequences for cognitive
performance (i.e. reaction time, sensitivity and response bias) between the visual perceptual
and working memory domains when both tasks were delivered at the same level of
difficulty.

3.3.5.1.3 Main analyses: dehydration affect upon task difficulty
The easy and difficult perceptual tasks were compared to assess the influence of
dehydration on task difficulty. For accuracy, a main effect of difficulty level was observed
(P<0.05; Figure 3.7A), with a higher percentage accuracy achieved during the easy relative
to the difficult perceptual task, but not of hydration level (P>0.05), nor was there a
significant interaction (P>0.05). These data indicate that the total number of correct
responses was influenced by the difficulty level of these tasks, with greater accuracy
accomplished in the easy relative to the difficult perceptual task, but not as a function of
dehydration.

Furthermore, for reaction time there was a main effect of hydration level (P<0.05; Figure
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Figure 3.7: Performance accuracy (A) and reaction time (B) recorded in thermoneutral,
resting conditions during the euhydration (0%; white), 3% dehydration (grey) and 5%
dehydration (black) trials for three cognitive performance tasks: working memory, easy and
difficult perceptual task. Hydration affects upon cognitive domains were evaluated from the
working memory and easy perceptual tasks, whilst affects upon task difficulty were
explored from the easy and difficult perceptual tasks. Data are means with standard error
of the means. Significant differences (P<0.05) are indicated by the symbols: (*) easy versus
difficult perceptual tasks, (§) euhydration versus 5% dehydration, (†) 3% versus 5%
dehydration.
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Figure 3.8: Sensitivity (A) and response bias (B) recorded in thermoneutral, resting
conditions during the euhydration (0%; white), 3% dehydration (grey) and 5% dehydration
(black) trials for three cognitive performance tasks: working memory, easy and difficult
perceptual task. Hydration affects upon cognitive domains were evaluated from the working
memory and easy perceptual tasks, whilst affects upon task difficulty were explored from
the easy and difficult perceptual tasks. Data are means with standard errors of the means.
Significant differences (P<0.05) are indicated by the symbols: (*) easy versus difficult
perceptual tasks.
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3.7B), with faster reactions observed in the 5% dehydration relative to euhydration and 3%
dehydration conditions, but not of difficulty level (P>0.05), and there was no significant
interaction (P>0.05; Figure 3.7B). Thus, reaction time improved during 5% dehydration,
with no trade-off evident between speed and accuracy in these tasks.

Further analyses of these accuracy data revealed for the sensitivity index a main effect of
difficulty level (P<0.05; Figure 3.8A), with higher values observed in the easy compared
to difficult perceptual task, but not of hydration level (P>0.05), and no significant
interaction was present (P>0.05), meaning that subjects experienced more difficulty in
discriminating between stimuli in the difficult relative to the easy perceptual task, but not
as a function of dehydration.

For response bias, there was a main effects of difficulty level (P<0.05; Figure 3.8B), with
reduced response bias observed in the easy relative to the difficult perceptual tasks, but not
of hydration level (P>0.05), nor was there a significant interaction (P>0.05). Thus, a
difference in the selection of a response strategy was present between perceptual tasks, with
subjects responding in a more conservative manner (i.e. withhold response more often) in
the difficult relative to the easy perceptual task, in which subjects responded more liberally.

In summary, faster reaction times, without subsequent changes in accuracy, were observed
within the visual perceptual domain during 5% dehydration, regardless of the difficulty
level of these tasks. Furthermore, both sensitivity and response bias were influenced by the
task difficulty manipulation, with subjects experiencing greater difficulty in discriminating
between stimuli, as well as adopting a more conservative response strategy in the difficult
relative to easy perceptual task. Although these changes in sensitivity and response bias
verified that the task difficulty manipulation was achieved, these alterations were
independent of hydration level.

3.3.5.2 Brain electrical activity
Figure 3.9 displays the typical power-spectrum functions to that of the literature (Barry et
al., 2005; Curcio et al., 2005) at each of the electrode sites, calculated from EEG recordings
in the eyes-closed condition during the euhydration, 3% and 5% dehydration trials. Log
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Figure 3.9: Mean power spectra calculated from 2-min EEG recordings in thermoneutral,
resting conditions during the euhydration (0%; solid, light grey), 3% dehydration (dashed,
dark grey) and 5% dehydration (dotted, black) trials. Data were recorded in the eyes-closed
condition for six electrodes sites, including three sagittal (frontal: F3, F4; central-parietal:
CP3, CP4; occipital: O1, O2) and two lateral dimensions (left hemisphere: F3, CP3, CP4;
right hemisphere: F4, CP4, O2).
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transformed mean data are displayed in Figure 3.10.

For the topographical distribution of EEG, there was a main effect of the lateral dimension
for alpha power (P<0.05; Table 3.7), with higher amplitudes in the right compared to the
left hemisphere, but this was not evident for beta power (P>0.05). In the sagittal dimension,
no main effects for alpha (P>0.05) or beta power were present (P>0.05). However, there
was a significant interaction between these two topographical dimensions for alpha power
(P<0.05), with smaller differences between the left and right hemispheres in the occipital
relative to the frontal and central-parietal areas.

Moreover, no main effects of hydration level were observed for either alpha (P>0.05) or
beta power (P>0.05; Table 3.7), nor were there significant interactions present in these
power bands between dehydration and the lateral (P>0.05 ), the sagittal (P>0.05 ), or both
dimensions (P>0.05 ). Thus, no changes were observed under these conditions, implying
that alpha and beta power were not influenced by 3% to 5% dehydration.

In summary, dehydration did not induce changes in alpha or beta power when recorded in
the eyes-closed condition. Furthermore, the topographical distribution of alpha and beta
power was not influenced by 3% to 5% dehydration.

3.4 DISCUSSION
3.4.1 Physiological regulation during dehydration
The principal aim of this study was to investigate the influence of dehydration per se upon
physiological function, with a primary focus on body-fluid and blood pressure regulation.
Not only has this study contributed to an improved understanding about the independent
affects of thermal dehydration, it has also provided a baseline with which the other
experimental treatments (i.e. heat strain and physical exercise; Chapters Four and Five) can
be compared. All measures were performed under rigidly controlled experimental
conditions, with the pre-experimental physiological status of subjects standardised across
trials (Table 3.2). A passive thermal dehydration protocol in combination with a controlled
fluid replacement strategy was employed to achieve and sustain three, steady-state
hydration levels (euhydration, 3% and 5% dehydration; Table 3.3), while thermal status was
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Figure 3.10: Log transformed mean power spectra calculated from 2-min EEG recordings
in thermoneutral, resting conditions during the euhydration (0%; solid, light grey), 3%
dehydration (dashed, dark grey) and 5% dehydration (dotted, black) trials. Data were
recorded in the eyes-closed condition for six electrodes sites, including three sagittal
(frontal: F3, F4; central-parietal: CP3, CP4; occipital: O1, O2) and two lateral dimensions
(left hemisphere: F3, CP3, CP4; right hemisphere: F4, CP4, O2).
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Table 3.8: Mean absolute amplitudes of EEG power spectra recorded in thermoneutral, resting conditions during eye-closure in the euhydration (0%),
3% and 5% dehydration trials. Power bands were determined for alpha and beta for six electrode sites, including three sagittal (frontal: F3, F4; centralparietal: CP3, CP4; occipital: O1, O2) and two lateral dimensions (left hemisphere: F3, CP3, CP4; right hemisphere: F4, CP4, O2). Data are presented
as means, standard errors of the means (SEM), medians and interquartile ranges (IQR).
Electrode

Experimental

sites

trial

Frontal
left (F3)

Frontal
right (F4)

Central-parietal
left (CP3)

Alpha power (ìV)
Mean

SEM

Median

Beta power (ìV)
IQR

Mean

SEM

Median

IQR

0%

1.81

0.28

1.71

0.63

0.62

0.07

0.54

0.15

3%

1.55

0.17

1.28

0.80

0.57

0.06

0.52

0.18

5%

1.61

0.23

1.59

0.90

0.64

0.05

0.64

0.14

0%

2.21

0.37

1.93

1.74

0.87

0.21

0.54

0.55

3%

1.66

0.17

1.64

0.82

0.62

0.07

0.57

0.17

5%

1.69

0.21

1.65

0.86

0.66

0.06

0.61

0.12

0%

2.01

0.28

1.88

1.04

0.53

0.06

0.48

0.09

3%

1.78

0.23

1.76

1.05

0.52

0.05

0.49

0.14

5%

1.99

0.31

1.83

0.90

0.58

0.05

0.57

0.20

Note: Interquartile range (IQR) was defined as the difference between the third and the first quartiles.
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Table 3.8: Continued.
Electrode

Experimental

sites

trial

Central-parietal
right (CP4)

Occipital
left (O1)

Occipital
right (O2)

Alpha power (ìV)
Mean

SEM

Median

Beta power (ìV)
IQR

Mean

SEM

Median

IQR

0%

2.41

0.40

2.17

2.04

0.58

0.06

0.52

0.18

3%

2.56

0.36

2.07

1.50

0.67

0.15

0.50

0.17

5%

2.46

0.39

2.22

1.59

0.72

0.15

0.62

0.19

0%

1.81

0.37

1.51

1.39

0.52

0.06

0.49

0.12

3%

1.80

0.38

1.45

1.31

0.50

0.05

0.50

0.26

5%

1.76

0.30

1.40

1.34

0.51

0.05

0.54

0.21

0%

1.63

0.32

1.28

1.01

0.51

0.06

0.44

0.24

3%

1.64

0.34

1.37

0.97

0.47

0.06

0.47

0.25

5%

1.56

0.28

1.39

1.23

0.45

0.05

0.46

0.16
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maintained at a thermoneutral level during each trial (Table 3.4). Since subjects
commenced each trial in a similar physiological state and the required experimental control
was achieved (see Section 3.3.2), it can be assumed that changes observed in either bodyfluid or blood pressure regulation were highly probable to have resulted from modulations
in hydration level alone.

3.4.1.1 Body-fluid regulation
Dehydration induced by thermal sweating caused a decrease in plasma volume (Table 3.6)
and increase in plasma osmolality (Table 3.3). The anticipated outcomes were that these
intravascular changes would occur in proportion to the level of dehydration. Although a
proportional elevation in osmolality was observed in these trials, it appeared that plasma
volume was defended during 5% dehydration in thermoneutral, resting individuals.

It has been well established that thermal dehydration elevates plasma osmolality due to the
hypotonicity of sweat (Sawka, 1988; Morimoto, 1990; Montain and Cheuvront, 2008). In
humans, plasma osmolality values between 285-295 mOsm@kg H2O are generally
considered within the normal physiological range for euhydrated individuals (Kratz et al.,
2004), but values exceeding 300 mOsm@kg H2O have been reported as a result of
dehydration (Senay and Christensen, 1965; Costill et al., 1976; Sawka et al., 1985). In the
current experiment, serum osmolality values were lower than those usually observed during
thermal dehydration experiments. Since no measures of serum osmolality were made upon
arrival at the laboratory, it was impossible to determine which (pre-)experimental treatment
could have been responsible for these low serum osmolality values. For instance, the
possibility exists that the pre-experimental standardisation used in the current project
resulted in subjects presenting on the morning of each trial with low (baseline) osmolality
values. The pre-experimental standardisation (see Section 2.2.2.3 for full details)
commenced three days before each experimental trial and consisted of subjects consuming
0.5 L of fluid (in any form) with breakfast, 2 L of isotonic fluid throughout the day, and an
additional 0.5 L of fluid (in any form) before retiring. However, subjects were encouraged
to drink additional fluids throughout the day (in any form) to avoid arriving at the
laboratory on the fourth day in a not adequately hydrated state (i.e. urine specific gravity
<1.021; Armstrong et al., 1994). As a result, most subjects presented on the morning of
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each trial in a well-hydrated state (i.e. urine specific gravity <1.013; Table 3.2). Moreover,
most of the blood constituents measured from whole-blood samples at baseline (i.e.
haematocrit, haemoglobin, sodium and potassium concentrations; Table 3.2) were in the
lower range according to laboratory reference values for adult males (Kratz et al., 2004).
Together these data indicate that moderate water loading produced by the pre-experimental
standardisation may have resulted in the low baseline serum osmolality values observed in
these subjects, and these could have then been maintained throughout the rest of the trial
using the hydration clamping technique.

Moreover, the experimental treatment (i.e. hydration procedure; see Section 3.3.2) could
have possibly produced (or exacerbated) the low serum osmolality values in these trials.
That is, in the morning of each trial, subjects were exposed to ~3 h of intermittent wholebody water immersion, with majority of the time spent in warm water (39-41oC; ~ 2 h),
which could have resulted in substantial body-fluids shifts, thereby affecting serum
osmolality. Indeed, prolonged water immersion (> 1 h) has been associated with significant
reductions in plasma volume and decreases in osmolality (Behn et al., 1969; Böning and
Skipka, 1979; Greenleaf et al., 1980, 1981), most likely resulting from a shift of fluid into
the intracellular fluid compartment (Greenleaf et al., 1980, 1981), although the exact
mechanisms involved have not been fully elucidated. A 2-h rest and recovery period was
incorporated to minimise potential adverse affects from this hydration procedure upon
physiological and cognitive functions, but the absence of any residual affects upon the
distribution of body fluids cannot be guaranteed.

Furthermore, the subject sample selected for the current project may have contributed to the
low serum osmolality values present during these trials. Subjects were screened to include
those that were capable of producing sufficiently high sweat rates to produce a 5% bodymass loss within 3.5 h, yet not being acclimated to the heat (Section 3.2.1). Consequently,
profound sweating responses were present during the hydration procedures, with average
sweat rates as high as 1.98 L@h-1 observed for these individuals. Since it is well known that
electrolyte losses (i.e. sodium and chloride) increase with increased sweat rates (Schwartz
and Thaysen, 1956; Buono et al., 2008), and that electrolyte losses in sweat are greater in
unacclimated compared to heat-acclimated individuals (Dill et al., 1938; Allan and Wilson,
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1971; Chinevere et al., 2008), it would be reasonable to suggest that a substantial amount
of electrolytes could have been lost during these hydration procedures, thereby contributing
to the reduction in serum osmolality.

Indeed, limited amounts of isotonic-fluid (sodium-chloride concentration: ~ 40 mmol@L)
were provided to achieve a 3% and 5% reduction in body mass, averaging respectively
1.40 L and 0.59 L, thereby providing subjects on average with only 57 mmol and 24 mmol
of sodium-chloride. According to whole-blood samples collected before (baseline) and after
these hydration procedures (subject preparation), 101 mmol and 108 mmol of sodium and
70 mmol of chloride (in both trials) were lost on average from the blood in the 3% and 5%
dehydration trials, respectively (unpublished data). Thus, overall the 3% and 5%
dehydration procedures resulted in respective average losses of 158 mmol and 131 mmol
of sodium, and 127 mmol and 93 mmol of chloride from the blood. Consequently, these
solute losses could easily be attributed to the profound sweat loss during these dehydration
procedures (4.10-4.30 L), as the maximal estimated requirements for sodium (<37 mmol@
L-1) and chloride loss in sweat (<32 mmol@L-1) fall well within the expected range for
whole-body sweat electrolyte losses (Taylor and Machado-Moreira, 2013). In contrast,
urine output was marginal (<0.4 L) during these dehydration procedures and its contribution
to this electrolyte loss would have been limited.

However, during the hydration procedure in the euhydration trial, sodium-chloride intakes
(142 mmol) exceeded their loss from the blood (sodium: 72 mmol; chloride: 51 mmol),
meaning that sweat electrolyte losses would have had to have been considerable (52-59
mmol@L-1) to account for the total loss of these solutes from the blood. Although such large
electrolyte losses via sweat are not unattainable during profound heat strain (Costill et al.,
1976; Verde et al., 1982), it is more likely that solutes were also lost via other pathways in
this euhydrated trial, such as via urinary excretion. Indeed, in hydrated individuals wholebody water immersion is generally accompanied by sustained diuresis and natriuresis
(Epstein et al., 1972; 1980; Greenleaf et al., 1980), which are most likely the result of a
suppression of antidiuretic hormone (Epstein et al., 1975a; Greenleaf et al., 1981) and the
renin-angiotensin-aldosterone system (Epstein et al., 1975b, 1979). While no measures of
plasma hormones or urine electrolytes were performed in the current project, urine output
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measures were in accordance with these previous observations, in that a considerable
amount of urine was lost during the hydration procedure in the euhydration trials (1.3 L or
4.2 mL@min-1). Thus, an excess amount of electrolytes could have been lost from the blood
via both sweating and urinary excretion in the euhydration trial, thereby reducing serum
osmolality.

Nonetheless, it should be noted that the differences in osmolality reported between the
euhydration and 3% dehydration (5 mOsm@kg H2O-1) as well as 5% dehydration trials (9
mOsm@kg H2O-1; Table 3.3) were consistent with those typically reported during
dehydration (Sawka et al., 1985; Montain et al., 1995; Bartok et al., 2004). Furthermore,
the other hydration indices used in the present study (body-mass changes, urine specific
gravity, urine osmolality; Table 3.3) were also indicative of dehydration according to
reference cut-off values for euhydration (Bartok et al., 2004; Cheuvront and Sawka, 2005;
Sawka et al., 2007). Indeed, when empirical equations (Cheuvront et al., 2011) were
applied to the serial measurements of body mass and urine specific gravity, the probability
that the measured changes in these respective variables represented a dehydrated state were
0.91 and 0.92 for 3% dehydration and 0.97 and 1.00 for 5% dehydration. According to
qualitative semantic descriptors, these probabilities could be associated with the occurrence
of dehydration to be more likely (0.90) to very likely (0.95) in the 3% dehydration, and to
be very likely (0.95) to virtually certain (1.00) in the 5% dehydration conditions (Cheuvront
et al., 2011).

It has been suggested that such elevations in osmolality during thermal dehydration are
primarily driven by increases in plasma sodium and chloride concentrations, as no
consistent affects of potassium concentration have been observed (Senay, 1968; Kubica et
al., 1983). Indeed, both of these plasma solute concentrations increased significantly as a
result of dehydration (Table 3.6). Interestingly, plasma potassium concentration also
increased in the 3% and 5% dehydration conditions (Table 3.6), and could have possibly
also contributed to these elevations in osmolality. However, when electrolyte
concentrations were normalised to plasma volume changes, these changes were reversed
and the content of sodium and chloride in the plasma were actually reduced during
dehydration, though potassium content remained unchanged (Table 3.6). Since sodium and
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chloride are the primary ions present in sweat (Sato, 1977; Patterson et al., 2000), these
significant losses could have been the result of the profound sweat responses that were
accomplished during the dehydration protocol (see Section 3.3.2) without adequate
electrolyte replacement possible during the 3% and 5% dehydration procedures. Indeed, it
was previously established that these subjects could be classified as profuse sweaters
(Rehrer and Burke, 1996), eliciting significant sweat and electrolyte losses during moderate
hyperthermia in euhydrated, resting conditions (see Chapter Two).

Furthermore, as these subjects were unacclimated to the heat, this could not only explain
the pronounced electrolyte loss in sweat (Dill et al., 1938; Allan and Wilson, 1971), but
also the concomitant plasma volume defence observed in the present study. Since sweat is
more dilute after heat-acclimation (Bass et al., 1955; Kirby and Convertino, 1986;
Chinevere et al., 2008), a greater amount of solutes remains within the extracellular space
during dehydration, which facilitates the mobilisation of fluid from the intravascular fluid
compartment (Nose et al., 1988). Indeed, it has been reported that heat-acclimated subjects
have a smaller plasma volume reduction at a given dehydration level compared to
unacclimated subjects (Sawka et al., 1983; Takamata et al., 1999). Therefore, it can be
assumed that heat-acclimated subjects would be able to tolerate high dehydration states
relatively well, due to a better maintenance of plasma volume, which could explain the
linear reductions in plasma volume with dehydration level that have previously been
reported during rest (Sawka et al., 1996).

In contrast, the current subjects were unacclimated to the heat which, in combination with
their profound sweating responses, resulted in a proportionally greater loss of solutes than
water via sweating, and in turn produced a relatively small elevation in the osmolality of
the extracellular fluid (Table 3.3). Consequently, the shift of fluid from the intracellular to
the extracellular compartment would have been small (Nose et al., 1988), and the
extracellular space would not have been sufficiently compensated for its contribution of
water to sweat. Therefore, it would be reasonable to suggest that in these unacclimated
subjects, a defence of plasma volume had to occur at 5% dehydration to maintain plasma
volume and subsequently blood pressure regulation. Indeed, similar results were observed
in an earlier study conducted in this laboratory (Van den Heuvel et al., 2011) when
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unacclimated males were progressively dehydrated in 1% increments to 7% loss of their
body mass. These previous data clearly demonstrated that the contribution of plasma
volume to sweating decreased as dehydration progressed beyond 2% body-mass loss,
indicating that plasma volume was defended as dehydration became more fully established.

The defence of plasma volume observed in the present study appeared to have been
mediated by a substantial reduction in urine production during dehydration (Table 3.6).
Large reductions in urine volume as a result of thermal dehydration have been reported
previously (Adolph, 1947; Costill et al., 1976), although the current data showed a more
profound renal response. This response was presumably mediated by renal vascular and
hormonal changes as a result of dehydration. For instance, unloading of baroreceptors,
which are located in both high-pressure (i.e. carotid sinus, aortic arch and juxtaglomerular
apparatus) and low-pressure areas (i.e. cardiac atria, pulmonary vasculature), results in
afferent signals being sent to the medulla oblongata (Pilowski and Goodchild, 2002), from
which efferent signals emerge to the sympathetic nervous system and posterior pituitary
gland. Sympathetic activation reduces renal blood flow due to vasoconstriction of the
afferent arterioles, which decreases glomerular filtration rate and slows the production of
filtrate (DiBona, 2000). The posterior pituitary increases antidiuretic hormone secretion
(Baylis, 1983), which then binds to the basolateral membrane of the epithelial cells in the
distal tubules, cortical collecting duct and collecting duct of the kidney (Morel and Ducet,
1986), where it increases water permeability and promotes water retention. In addition, a
reduction in plasma volume directly activates the renin-angiotensin-aldosterone system
(Mack and Nadel, 1996), which stimulates the release of aldosterone from the glomerulosa
cells in the adrenal cortex (Share and Claybaugh, 1972), which in turn facilitates sodium
reabsorption at the distal and collecting tubules of the kidneys (Morris, 1981), and
subsequently promotes water retention. Although no direct measures were performed to
evaluate the renal vascular and hormonal responses as a result of dehydration, it would be
reasonable to suggest that a combination of these effector responses was responsible for the
profound reduction in renal function that was observed during these trials in an attempt to
defend plasma volume.

All together, the current data have demonstrated that sweat-induced dehydration caused an
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increase in plasma osmolality in proportion with the level of dehydration. Furthermore,
plasma volume decreased as a result of passive thermal dehydration, although plasma
volume was defended during 5% dehydration. Since the physiological regulatory systems
are inter-related, the influences of these body-fluid responses upon blood pressure
homeostasis were subsequently investigated.

3.4.1.2 Blood pressure regulation
Dehydration to 3% and 5% did not appear to have any adverse consequences upon the
cardiovascular system as no significant differences were present for vascular conductance,
heart rate (Table 3.4) and blood pressures (Figure 3.6), except for a reduction in systolic
pressure during 5% dehydration. Therefore, the hypothesis that predicted cardiovascular
function would not be affected in dehydrated, thermoneutral individuals at rest, was
accepted.

In the current study, the separate influence of sweat-induced dehydration was deliberately
isolated from those of thermal and exercise affects. Although previous experiments have
been designed to minimise the potential confounding influences of these factors (Sproles
et al. 1976; Allen et al., 1977; Montain and Coyle, 1992; González-Alonso et al., 1997,
2000), it could not be certain that no (residual) interactive affects of exercise were present
in these studies. For example, González-Alonso et al. (1997) previously attempted to
separate the affects of hyperthermia and dehydration by testing their subjects in a very cold
(-5oC windchill) and warm environment (35.5oC, 53% r.h.), whilst performing moderateintensity exercise (72% of their maximal exercise consumption) during euhydration and
dehydration (4.1% body-mass loss). Even though this protocol allowed the evaluation of
the separate and combined influences of hyperthermia and dehydration upon physiological
function, the exercise stimulus itself or an interaction between these factors may have
enhanced the decrease in stroke volume and elevation in heart rate that was observed.
Indeed, the present data have demonstrated that cardiovascular function (Figure 3.5 and 3.6)
was not adversely affected in thermoneutral, resting subjects during either 3% or 5%
dehydration.

The current findings were consistent with observations made in a study conducted by
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Kenney et al. (1990), who investigated the independent influences of age and dehydration
on the peripheral vascular responses to heat stress. Although the primary objective of this
study was to assess cardiovascular function in young (22-28 y) and middle-aged (49-60 y)
males during passive heating and exercise in the heat, whilst being euhydrated or
dehydrated (~2% body-mass loss), baseline cardiovascular measures were performed at the
start of the heat challenge, when subjects were still at a thermoneutral level. Thus,
inadvertently these baseline measures allowed the independent affect of dehydration to be
assessed during rest in a comparable group of subjects. Like this study, no adverse
differences were observed in cardiovascular function (i.e. forearm vascular conductance,
heart rate, mean arterial pressures) as a result of dehydration in the present experiment.
Moreover, these results can now be extended to a higher level of dehydration (i.e. 5% bodymass loss).

Since thermal dehydration is predominantly induced during exposure to heat, physical
exercise or a combination of these factors, it is understandable that most research in this
area has been performed to investigate the combination of these affects as occurs in real-life
situations (Sawka et al., 1979; González-Alonso et al., 1995; Charkoudian et al., 2003;
Taylor et al., 2012). As a result of these experiments, it is generally considered that
dehydration has a detrimental affect upon physiological regulation and exercise
performance (Nadel et al., 1980; Morimoto, 1990; González-Alonso, 1998; Montain et al.,
1998). The current data do not support this view, at least as measured in the present study
in thermoneutral and resting individuals, as it has been demonstrated that significant
disturbances in body-fluid homeostasis induced by thermal dehydration were well tolerated.
Thus, in the present experimental conditions dehydration did not seem to have adverse
consequences for blood pressure regulation.

Although it is important to isolate the separate affect of dehydration to improve the current
understanding of the physiological mechanisms governing body-fluid regulation and its
inter-relationships with other physiological regulatory systems, interaction of these
regulatory systems generally occurs in real-life situations. Therefore, the combined
influences of dehydration and heat strain were investigated in the next study (Chapter Four).
Furthermore, the affects of exercise per se upon physiological regulation during staged
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dehydration were explored in study four (Chapter Five).

3.4.2 Cognitive function during 3% and 5% dehydration
The secondary aim of this study was to explore the independent influences of dehydration
upon cognitive function by assessing cognitive task performance and brain electrical
activity. To the best of my knowledge, this was the first study to explore the independent
influence of dehydration upon these measures of cognitive function using rigidly controlled
experimental conditions. Each of three hydration levels (euhydration, 3% dehydration, 5%
dehydration) was attained and then clamped throughout the entire cognitive challenge and
the recording of resting EEG (Table 3.3), while thermal state was also clamped at a
thermoneutral level (Table 3.4). However, cardiovascular strain was elevated as a result of
5% dehydration (Table 3.4) and thirst sensation also increased during these experiments
(Table 3.7). Accordingly, the influences of these alterations elicited by the dehydration
manipulation upon cognitive task performance and brain electrical activity were explored
during these controlled conditions.

3.4.2.1 Cognitive task performance
In the present research, two cognitive domains were investigated (i.e. visual perceptual and
working memory), with a particular focus on controlling the task difficulty level across and
within these cognitive domains. Across domains, the difficulty level of the working
memory and easy perceptual tasks were matched to evaluate whether both domains would
be affected by dehydration. Within the visual perceptual domain, performance tasks were
administered at an easy and difficult level so that the dehydration influence upon task
difficulty could be examined. The main result of this research was the occurrence of faster
reaction times during 5% dehydration, with no trade-off evident between speed and
accuracy, though this improvement was restricted to the visual perceptual domain only
(Figure 3.7). Therefore, the hypothesis that predicted dehydration would impair
performance (i.e. reaction time, sensitivity and response bias) in proportion to the level of
dehydration in thermoneutral, resting individuals in both the visual perceptual and working
memory domains, when these tasks were matched for difficulty level, was rejected. In
addition, since no dehydration-induced influences were observed for visual perceptual
performance as a function of difficulty, the hypothesis that predicted dehydration would
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further decrease visual perceptual performance in thermoneutral, resting individuals as a
function of difficulty, was rejected. Thus, under these rigidly controlled experimental
conditions, dehydration did not have any adverse consequences for sensitivity and response
bias within the visual perceptual and working memory domains.

Improved reaction times during 5% dehydration have not been reported previously. Studies
in which cognitive performance was affected by dehydration have only reported decrements
in response times to a variety of performance tasks, with (Lieberman et al., 2005; Baker et
al., 2007) or without (Cian et al., 2000, 2001; Petri et al., 2006; Ganio et al., 2011)
subsequent reductions in accuracy. However, most of these experiments were conducted
without controlling the thermal status of subjects (Cian et al., 2000, 2001; Lieberman et al.,
2005; Baker et al., 2007; Ganio et al., 2011), resulting in significantly elevated core
temperatures (range: 37.4-38.4oC) during the cognitive challenge, which may have
confounded data interpretation. Although subjects in a study conducted by Petri et al.
(2006) remained in a thermoneutral environment during the administration of a
psychological test battery, whilst undergoing progressive 24-h voluntary dehydration, these
results may not be comparable due to the different dehydration methods employed.
Furthermore, dehydration levels of these subjects were not reported in this study, but can
be estimated to have been very low, with other researchers reporting a reduction of only
1.8% in body mass after 24 h of fluid deprivation (Shirreffs et al., 2004; Szinnai et al.,
2005).

In contrast, the present research observed faster reaction times during 5% dehydration in
the visual perceptual domain, without a trade-off evident between speed and accuracy
(Figure 3.7). It is currently unclear why this improvement only occurred during the visual
perceptual tasks at the highest level of dehydration. However, upon closer examination of
the decision making process during these trials, it would be reasonable to suggest that
perhaps response bias was altered during 5% dehydration (Figure 3.8), but may have lacked
sufficient statistical power to reach significance. Indeed, power analyses revealed that the
statistical power for response bias was low for the easy perceptual (0.2) and difficult
perceptual (0.3) tasks under these conditions, and more than 35 subjects would have been
required to reach sufficient power. Although these relatively low subject numbers for these
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type of measures are not uncommon in dehydration and cognitive performance research
(Sharma et al., 1986; Cian et al., 2000, 2001, Szinnai et al., 2005; Adam et al., 2008) due
to the various unique challenges involved with dehydration experiments (Grandjean and
Grandjean, 2007; Lieberman, 2007, 2012), it is a well-recognised limitation in this area and
should be acknowledged during data interpretation (Sécher and Ritz, 2012). Moreover,
similar results were observed in the previous experiments in relation to passive
hyperthermia (see Chapter Two), in that faster reaction times were present during
hyperthermia, whilst response bias was reduced. Accordingly, it could be suggested that
these improvements observed in response times may have been the result of a change in the
selection of a response strategy towards more liberal responding (i.e. responding more
often).

Nonetheless, dehydration had no affect upon sensitivity within the working memory and
visual perceptual domains (Figure 3.8). Although decision making processes, using the
signal detection theory model to separate sensitivity and response bias, have not been
previously assessed during dehydration, a few studies (Neave et al., 2001; Szinnai et al.,
2005; Tomporowski et al., 2007; Adam et al., 2008; Kempton et al., 2011; Ely et al., 2013)
have also reported no dehydration-induced influences upon the accuracy of tasks that
required visual perceptual and memory processes. However, due to a lack of experimental
control, such as methodological discrepancies in the dehydration procedures employed, it
could not be determined whether these findings were the result of dehydration per se.
Furthermore, only low levels of dehydration (up to 4% body-mass loss) were evaluated in
these investigations, and it was unknown whether these results could be extrapolated to
higher levels of dehydration. Accordingly, more rigidly controlled experimental conditions
were utilised in the present study, thereby demonstrating that neither 3% nor 5%
dehydration has adverse consequences for sensitivity within the visual perceptual and
working memory domains.

As a result of the limited research in the area of dehydration and cognitive performance,
which has yielded contradictory and inconsistent results due to methodological issues, past
experiments primarily focussed on whether dehydration influences cognitive performance,
but researchers have neglected to provide any theoretical background that could explain
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their findings. In contrast, several theories and models have been proposed to explain the
influences of heat strain on cognitive performance (see Section 2.4.2.1), and since both of
these states centre upon a substantial elevation in physiological strain, one could reasonably
adopt some of these theoretical models to the dehydration literature. One such model that
was previously discussed in relation to moderate hyperthermia, was that of maximal
adaptability (Hancock and Vasmatzidis, 1998, 2003), which postulates that physiological
and psychological stresses compete for, and eventually drain attentional resources, resulting
in decreased performance. Since no decrements in sensitivity were observed in the current
experiment, these stresses may have not been severe enough to drain attentional resources,
but cognitive reserves may have been diminished, meaning that subjects would not have
been able to cope with any additional stress. This theory will be tested in the next study
(Chapter Four), in which the combined influences of heat strain and dehydration on
cognitive performance will be explored.

3.4.2.2 Brain electrical activity
In addition to cognitive task performance, dehydration-induced influences upon brain
electrical activity were explored in the current study, with a particular interest in
distinguishing general (global) affects upon the EEG power spectrum from more discrete
changes (e.g. lateral, sagittal) in neuronal processing. Resting EEG was recorded during
euhydration, 3% and 5% dehydration (Table 3.3), whilst mean body temperature was
maintained at a thermoneutral level (Table 3.4). Data were recorded over each hemisphere
over each of three cortical regions during eyes-closed conditions, with spectral analyses
performed for alpha and beta power. The key finding of this study was that dehydration did
not influence each of alpha and beta power during eye-closure (Table 3.7), and the
hypothesis that predicted dehydration would result in proportional increases in alpha power
and decreases in beta power relative to the euhydrated state, was rejected.

Research in the area of dehydration and neurophysiological function is sparse and, to the
best of my knowledge, this was the first study to explore the influence of dehydration upon
brain electrical activity using power spectral analyses. Szinnai et al. (2005) also performed
electrophysiological measurements in thermoneutral conditions during dehydration (2.6%
body-mass loss), but choose to utilise a highly specific measure for the assessment of
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neurophysiological function (i.e. event-related potentials), even though the affect of
dehydration upon brain electrical activity had not been investigated in the past. Therefore,
it was unknown whether dehydration could induce any global or topographic changes in
EEG. Furthermore, their data were restricted to a low level of dehydration progressively
induced by 24 h of fluid deprivation and it is currently unclear if this slow method of
dehydration (which includes substantial temporal variability and so may affect the EEG,
which is highly variable as a function of time) affects cortical activity differently. For
instance, subjects may have had trouble sleeping the night prior to testing as a result of fluid
deprivation, which may have confounded data interpretation. Indeed, subjective ratings of
effort, concentration, tiredness and alertness were significantly altered during dehydration
compared to the control condition in the study conducted by Szinnai et al. (2005).
Nevertheless, current results are in accordance with their findings, suggesting that
neurophysiological function is not influenced by either 3% or 5% dehydration.

In summary, dehydration does not seem to induce any adverse affects on the aspects of
cognitive function assessed in this study. For cognitive performance, no differences were
observed for sensitivity within the visual perceptual and working memory domains as a
result of dehydration, although faster reaction times were present in the 5% dehydration
condition, possibly due to a change in the selection of a response strategy. Furthermore,
power spectral analyses revealed no changes in either alpha or beta power during
dehydration.

3.5 CONCLUSIONS
In this study, the affect of sweat-induced dehydration was deliberately isolated from those
of thermal and exercise influences using rigidly controlled experimental conditions. As a
result, the independent influence of dehydration upon physiological regulation and
cognitive function was investigated. Moreover, these data have provided an important
benchmark with which the other experimental treatment (i.e. hyperthermia; Chapters Two
and Four) can be compared.

The principal aim of the current study was to evaluate body-fluid regulation during
dehydration and its independent influence upon blood pressure regulation. It was
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anticipated that dehydration induced by thermal sweating would reduce plasma volume and
increase plasma osmolality in proportion with the level of dehydration. Although a
proportional elevation in osmolality with dehydration level was present during these trials,
the reduction in plasma volume was defended at the highest level of dehydration.
Nevertheless, skin blood flow, heart rate and mean arterial pressure were not influenced by
these intravascular changes, and the hypothesis that predicted cardiovascular function
would not be affected in dehydrated, thermoneutral individuals at rest, was accepted.
Accordingly, it was concluded that these body-fluid regulatory responses were well
tolerated in thermoneutral, resting conditions.

In addition, the influence of dehydration on task performance and brain electrical activity
was explored in the current study. For task performance, it was hypothesised that
dehydration would impair task performance (i.e. reaction time, sensitivity and response
bias) in the visual perceptual and working memory domains, when both tasks were
delivered at the same level of difficulty. Since faster reaction times were observed during
these trials, with this improvement restricted to the visual perceptual domain during 5%
dehydration, the hypothesis was rejected. In addition, the hypothesis that predicted that
dehydration would further decrease visual perceptual performance, when this tasks was
delivered at a difficult relative to easy level of difficulty, was also rejected. Moreover, no
dehydration-induced influences were observed for brain electrical activity, and the
hypothesis that predicted that dehydration would result in proportional increases in alpha
power and decreases in beta power relative to the euhydrated state, when EEG was
recorded over each hemisphere and across three cortical regions (i.e. frontal, central-parietal
and occipital) during eye-closure, was also rejected. Therefore, it was concluded that
dehydration per se does not induce any adverse influences on the aspects of cognitive
function assessed, at least as measured in this study.
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CHAPTER FOUR: THE COMBINED INFLUENCES OF MODERATE
HYPERTHERMIA AND 3% TO 5% DEHYDRATION UPON
PHYSIOLOGICAL REGULATION AND COGNITIVE FUNCTION
DURING REST

4.1 INTRODUCTION
In each of the previous studies, the objective was to separate the influences of hyperthermia
and dehydration to evaluate the independent affects of these states upon physiological
regulation (i.e. body temperature, body-fluid and blood pressure) and cognitive function
(i.e. task performance and brain electrical activity). Nevertheless, both states are often
simultaneously elicited, especially during physical exercise. Consequently, previous
research has commonly focussed on investigating these combined influences utilising
various (thermal) exercise protocols (Sawka et al., 1985; Sharma et al., 1986; GonzálezAlonso et al., 1997; Nielsen et al., 2001). However, the exercise stimulus itself may cause
independent affects upon physiological and cognitive function (Holmgren et al., 1960;
Bleichert et al., 1973; Brisswalter et al., 2002; Crabbe and Dishman, 2004), or interactions
between exercise, hyperthermia and dehydration may occur (González-Alonso, 1998;
Lieberman, 2007; Kenney et al., 2014), which can make data interpretation problematic.
Therefore, the aim of the third study was to investigate the combined influences of
hyperthermia and dehydration upon physiological regulation and cognitive function in
resting individuals.

4.1.1 Physiological regulation during passive hyperthermia and dehydration
When body temperature is elevated, heat is transferred from the core to the periphery to
facilitate dry and evaporative heat dissipation, which is achieved by vasomotor (i.e.
vasodilatation) and sudomotor (i.e. sweating) activation (Figure 1.1). Initially, blood flow
is redistributed from the splanchnic, renal and muscular vascular beds to the cutaneous
circulation (Rowell, 1974; Rowell et al., 1965, 1968, 1971) to enhance convective and
conductive heat loss at the skin surface in an attempt to defend a progressive rise in body
temperature. Once this vasomotor capacity is nearly exceeded, thermal sweating is initiated
to facilitate evaporative heat loss at the periphery via the activation of eccrine sweat glands,
resulting in loss of body water and electrolytes. If this fluid loss is not matched by fluid
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intake, a deficit in total body water develops and, as a consequence of free fluid exchange,
affects eventually each of the intracellular and extracellular fluid compartments (Nose et
al., 1983; Durkot et al., 1986; Maw et al., 1998). This sweat-induced dehydration generally
results in a decreased plasma volume and increased osmolality due to the hypotonicity of
eccrine sweat relative to that of plasma (Sato, 1973, 1977). Thus, both of these
thermoeffector responses can independently modify the volume of the intravascular space,
either via blood flow displacement or whole-body fluid loss. Consequently, when these
responses are combined, such as in hyperthermic and dehydrated individuals, competition
between the central and peripheral circulation for a limited blood volume may occur (Nadel
et al., 1980; Rowell, 1974, 1986) which could lead to disturbances in the main regulated
variables governing body temperature, body-fluid and blood pressure regulation (Figure
1.1), particularly central venous and mean arterial pressures (González-Alonso et al., 1997;
Nadel et al., 1980).

The influences of these combined states have been extensively investigated in the past
(Nadel et al., 1980; Sawka et al., 1985, 1992; González-Alonso et al., 1995, 1997, 2000;
Montain and Coyle, 1992; Cheuvront et al., 2006; Kraft et al., 2011), although research in
this area has usually focussed on the physiological consequences of hyperthermia and
dehydration on exercise performance. Accordingly, not only have these experiments been
performed at various thermal and hydration states, different exercise modes and intensities
have generally been employed to progressively induce hyperthermia and dehydration, which
can make it problematic to compare and interpret results across studies. Moreover, the
utilisation of (thermal) exercise protocols renders it difficult to separate the affects of
exercise from those of hyperthermia and dehydration, as such procedures could possibly
confound data interpretation if no appropriate control has been implemented. With this in
mind, the current study was designed to assess physiological regulation in resting
individuals, while thermal (i.e. thermoneutral and moderate hyperthermia) and hydration
states (i.e. euhydration, 3% and 5% dehydration) were clamped throughout each
experimental trial. When afferent feedback from both the body temperature and body-fluid
regulatory systems is controlled, it can be assumed that it is the thermal- and dehydrationinduced strain per se, and not the transients, that affect physiological function (Werner,
1998; Cotter and Taylor, 2005). Thus, both body temperature and body-fluid regulation
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were controlled in these experiments, but since these regulatory systems are inter-related
(Figure 1.1), their effector responses can modulate blood pressure homeostasis, which was
the main focus of the present study.

Physiological responses to either hyperthermia or dehydration at rest are generally well
tolerated by healthy individuals, and the influence of these states upon blood pressure
regulation was evaluated in previous studies of this project (see Chapters Two and Three).
One of the objectives was to find out whether mean arterial pressure would be
compromised as a result of these independent stressful states. In the first study, it was
demonstrated that although moderate hyperthermia significantly elevated cardiovascular
strain, as evidenced from elevations in vascular conductance (Figure 2.11) and heart rate
(Table 2.4), systolic and diastolic pressures were well regulated and no significant
differences in mean arterial pressure were observed during these trials (Figure 2.13).
Similarly, 3% and 5% dehydration did not appear to have any adverse consequences upon
the cardiovascular system, as no significant differences were present for vascular
conductance, heart rate (Table 3.4) and blood pressures (Figure 3.6), except for a reduction
in systolic pressure during 5% dehydration. Thus, neither hyperthermia nor dehydration
compromised mean arterial pressure regulation during these experiments. However, it is
possible that the combination of these two states may result in additive physiological affects
(González-Alonso et al., 1997; González-Alonso, 1998), potentially leading to disturbances
in blood pressure homeostasis.

To the best of my knowledge, the combined influences of hyperthermia and dehydration
upon blood pressure regulation at rest have not previously been investigated. However, a
few studies (Horstman and Horvath, 1972; Kenny et al., 1990; Fan et al., 2008) have
reported cardiovascular responses at rest when both of these states were induced, although
this was not the principal focus of these experiments. For instance, Horstman and Horvath
(1972) conducted a study to examine cardiovascular and thermoregulatory changes during
progressive dehydration and euhydration, and reported a reduction in forearm and calf
blood flow as well as an increase in heart rate, though no changes in systolic and diastolic
pressures were observed after 7 h of passive heating (48oC), during which mean body
temperature was elevated to 37.9oC and subjects were progressively dehydrated to 3.6% of
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their body mass. In contrast, Kenny et al. (1990), when evaluating the influence of age and
dehydration on peripheral vascular responses to heat stress, reported no cardiovascular
changes (i.e. forearm blood flow, heart rate and blood pressures) in young, dehydrated
males (~2% body-mass loss) after 90 min of passive heating (48oC, 20% r.h.). Since the
heating procedure was much shorter in the latter experiment, only a mild level of thermal
strain was induced (mean body temperature ~37oC), which in combination with the lower
dehydrated state, could explain the discrepancy between these investigations. Moreover,
in both of these studies cardiovascular function was assessed during progressive
hyperthermia and dehydration, and it is possible that these dynamic changes in thermal and
hydration status affect blood pressure regulation differently compared to steady-state
conditions.

In a more recent study (Fan et al., 2008), cardiovascular function (i.e. heart rate, stroke
volume, cardiac output, total peripheral resistance, mean arterial pressure) was assessed
during progressive, but staged levels of thermal strain (0.5oC, 1oC, 1.5oC and 2oC increase
in oesophageal temperature), in combination with dehydration (1.2-1.9% body-mass loss).
It was reported that the reduction in total peripheral resistance with passive heating
appeared to be attenuated in the dehydrated compared to euhydrated condition, while there
were no hydration-related differences in thermally-induced changes for any of the other
cardiovascular variables. The findings of this study imply that profound hyperthermia in
combination with dehydration does not compromise blood pressure regulation during
resting conditions, but it is currently unclear if similar results are obtained when higher
levels of dehydration (i.e. 3% and 5% body-mass loss) are achieved.

Taken together, previous research has reported that although cardiovascular strain was
increased in hyperthermic and dehydrated individuals at rest, blood pressure regulation was
not compromised under these conditions. However, since these investigations were not
conducted to examine the combined influences of hyperthermia and dehydration per se
upon blood pressure regulation, a few methodological limitations were identified with
regards to the interpretation and extrapolation of these results. Therefore, the present study
was designed to investigate these combined influences upon physiological regulation,
particularly blood pressure regulation, under more rigidly controlled experimental
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conditions. Hyperthermia and dehydration both result in modulations of the volume and
composition of the intravascular space, either via blood flow displacement or whole-body
fluid loss. Consequently, the anticipated outcomes were that when both of these states were
passively induced and maintained (clamped), this combination would further reduce plasma
volume and increase osmolality relative to the thermoneutral, euhydrated state.
Furthermore, it was hypothesised that these two states would combine to elevate
cardiovascular strain relative to the thermoneutral, euhydrated state, as evidenced by
elevations in skin blood flow and heart rate, but mean arterial pressure would be regulated
at control levels during resting conditions. To test this hypothesis, subjects were gradually
dehydrated using a passive thermal dehydration protocol to one of three hydration levels:
euhydration (0% body-mass loss), 3% and 5% dehydration. Once the target hydration level
was achieved, this state was maintained for the duration of the experiment using controlled
isotonic-fluid administration, such that fluid intake and fluid loss were matched. Moreover,
whole-body thermal clamping was used to achieve and sustain two, steady-state mean body
temperatures: thermoneutral (36oC) and moderate hyperthermia (38oC). Thus, each of these
hydration states was evaluated at each level of thermal strain, with the euhydrated,
thermoneutral state being the control condition.

4.1.2 The affects of passive hyperthermia and dehydration on cognitive function
4.1.2.1 Cognitive task performance during passive heat strain and dehydration
Limited information about the combined affects of heat strain and dehydration on cognitive
task performance is currently available, and no clear or convincing results have been
demonstrated. Although most studies have reported a reduction in cognitive performance
when both hyperthermia and dehydration have been induced (Strydom et al., 1968; Epstein
et al., 1980; Sharma et al., 1986; Cian et al., 2001; Lieberman et al., 2005; McMorris et al.,
2006; Baker et al., 2007; Tomporowski et al., 2007), this cognitive impairment is not
always observed under these conditions (Sharma et al., 1986; Bunnell and Horvath, 1989;
Cian et al., 2001; McMorris et al., 2006; Edwards et al., 2007; Tomporowski et al., 2007;
Ely et al., 2013). Methodological differences across studies have most likely contributed
to this inconsistency in results, with many previous experiments not being optimally
designed to evaluate these combined influences.
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For instance, the affect of hyperthermia and dehydration on cognitive performance has
generally been evaluated during or immediately after (thermal) exercise protocols. Indeed,
the primary focus of most experiments was not to investigate these combined influences.
Instead, both states were unintentionally induced as a result of the thermal (Epstein et al.,
1980; McMorris et al., 2006), dehydration (Cian et al., 2001; Baker et al., 2007) or exercise
procedures (Strydom et al., 1968; Bunnell and Horvath, 1989; Lieberman et al., 2005;
Edwards et al., 2007; Tomporowski et al., 2007) that were utilised in these studies.
However, it has been suggested that physical exercise itself may affect cognitive
performance, although contradictory findings have been reported in this area of research
due to differences in experimental design across studies, such as the type, intensity and
duration of the exercise stimulus (Tomporowski and Ellis, 1986; Brisswalter et al., 2002;
Tomporowski, 2003). Furthermore, interactions between exercise, hyperthermia and
dehydration may occur, possibly resulting in complex, non-linear affects on cognitive
performance (Lieberman, 2007, 2012; Gaoua, 2010). Thus, since neither the influence of
exercise per se, nor the interactive affects between these factors are currently clear, the
utilisation of (thermal) exercise protocols renders it difficult to make valid conclusions
regarding the influences of hyperthermia and dehydration on cognitive performance.

In addition, studies that have used passive thermal dehydration protocols have also reported
conflicting results. For example, Epstein et al. (1980) examined cognitive performance (i.e.
speed, quality, number of errors and hits) during a target shooting task, whilst subjects were
exposed for 2 h to either no heating (24oC; control condition), moderate (37o) or severe
(50oC) heat loads, with the last resulting in significant increases in thermal (rectal
temperature: 38.5oC) and dehydration levels (2.6% body-mass loss). As a result of this
elevated physiological strain, cognitive performance deteriorated significantly, with
impairments reported in each cognitive variable during passive heating. In contrast, Cian
et al. (2001) reported no changes in performance for tasks that assessed simple reaction
time, long-term memory and unstable tracking, which were performed after 30-min
recovery in a thermoneutral environment (25oC, 40% r.h.), after subjects were dehydrated
to 2.6% body-mass loss using a passive thermal dehydration protocol, but whilst their core
temperature was still elevated (rectal temperature: 38.4oC). However, an impairment in
short-term memory, as well as slower response speeds during a perceptive discrimination
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task were observed under these conditions. Thus, hyperthermia and dehydration may affect
some, but not all cognitive functions.

Moreover, a few other methodological issues, present within the current literature on the
affects of hyperthermia and dehydration upon task performance, were previously identified
(see Chapters One, Two and Three for full details). From a physiological aspect, not only
can the method used to induce hyperthermia (e.g. passive heat, exercise) and dehydration
(e.g. sweating, fluid deprivation, diuretic drug administration) affect physiological, and
consequently cognitive functions, differently, it is also important that these states are then
clamped throughout the entire cognitive challenge, so that task performance can be
evaluated independently of subsequent changes in thermal or dehydration level (Werner,
1998; Cotter and Taylor, 2005). Indeed, it has been suggested that cognitive processes may
be affected differently during static and dynamic physiological states (Hancock, 1986;
Hancock and Vasmatzidis, 2003).

Furthermore, limitations concerning the administration and analysis of cognitive
performance tasks were previously discussed in relation to hyperthermia (Chapter Two) and
dehydration research (Chapter Three). In summary, difficulty levels of performance tasks
have often not been controlled within and across cognitive functions, which makes
interpretation and comparison of results difficult. A lack of this level of control within
performance tasks can lead to bias towards either an improvement or reduction in
performance, whilst comparisons across tasks are rendered almost impossible under these
circumstances, since neither the baseline data, nor any subsequent changes in cognitive
performance during alterations in thermal or hydration level can be assessed accurately.

In addition, appropriate and sensitive psychological analysis techniques are rarely utilised
in experiments conducted to investigate the influence of hyperthermia and dehydration on
cognitive function, with often only generic performance measures reported (e.g. accuracy
and reaction time), thereby limiting the capacity to evaluate the influences of these states
on underlying cognitive processes. The signal detection theory model (see Section 1.1.3.1
for more details; Green and Swets, 1966) provides a method to perform more sensitive
analyses for the measurement of accuracy by separating sensitivity (i.e. discriminative
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ability) and response bias (i.e. strategy selection), thereby allowing a more accurate
evaluation of decision making processes.

As a consequence of these methodological discrepancies, our understanding of the
combined influences of heat strain and dehydration upon cognitive performance is limited,
and the current study was designed to improve this understanding by addressing the above
design limitations. Cognitive task performance was assessed at three levels of hydration:
euhydration (0%), 3% and 5% dehydration. Dehydration was achieved using a passive
thermal dehydration protocol to separate the affects of dehydration from those of exercise,
and each target hydration state was clamped throughout the entire cognitive challenge using
controlled (isotonic) fluid administration. In addition, body temperature was maintained at
either a thermoneutral or moderate hyperthermia level throughout the assessment of
cognitive function using passive whole-body thermal clamping. The cognitive challenge
consisted of a visual perceptual task, administered at two level of difficulty (i.e. easy and
difficult), and a working memory task, administered at a difficulty level approximately
equal to that of the easy perceptual task. By controlling task difficulty levels, the relative
affects on these two cognitive domains, as well as on task difficulty within the visual
perceptual domain, could be evaluated as a result of the experimental manipulations.
Furthermore, the more sensitive signal detection theory model was used to analyse the
performance data, to disambiguate possible changes in sensitivity and response bias that can
confound each other, to assess the influences of hyperthermia and dehydration upon the
decision making process. It was assumed that the combination of passively induced
hyperthermia and dehydration would further impair task performance (i.e. reaction time,
sensitivity and response bias) in resting individuals relative to the thermoneutral,
euhydrated state. However, it was hypothesised that when tasks were presented at the same
level of difficulty, this greater reduction in performance would be equivalent across the
visual perceptual and working memory domains in hyperthermic, dehydrated individuals
at rest. In addition, it was hypothesised that when the visual perceptual task was delivered
at different levels of difficulty, performance would be more impaired in the difficult
compared to easy perceptual task in hyperthermic, dehydrated individuals at rest.
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4.1.2.2 Brain electrical activity during heat strain and dehydration
Similar to cognitive task performance, research in the area of hyperthermia, dehydration
and their combined influences upon brain electrical activity is sparse. Previous investigators
have suggested that heat strain and dehydration, either separately or combined, may induce
changes in the central nervous system. For instance, experiments using various imaging
techniques have reported that alterations in several brain structures and functions occurred
as a result of elevated temperatures (Becerra et al., 1999; Nunneley et al., 2002) and
dehydration levels (Duning et al., 2005; Dickson et al., 2005; Kempton et al., 2009;
Watson et al., 2010; Kempton et al., 2011). Furthermore, studies that have been conducted
to examine changes in brain electrical activity during pronounced heat strain, with some
experiments unintentionally resulting in progressive dehydration, have reported significant
changes in the power spectrum of the electroencephalogram (EEG; Nielsen et al., 2001;
Nybo and Nielsen, 2001; Ftaiti et al., 2010). However, since the main objective of these
investigations was to examine central fatigue mechanisms, these experiments were not
designed to evaluate the combined influences of hyperthermia and dehydration upon brain
electrical activity. Therefore, the aim of this aspect of the present study was to explore these
combined influences on brain electrical activity during rigidly controlled experimental
conditions.

To the best of my knowledge, no other studies have been conducted to investigate the
combined influences of hyperthermia and dehydration upon brain electrical activity in
resting conditions. However, a few studies have been performed to assess the relationship
between neuronal activity and central fatigue, with EEG data recorded during and
immediately after prolonged, exhaustive exercise in the heat, which resulted in progressive
hyperthermia and dehydration. Nielsen et al. (2001) were the first to examine this
relationship in endurance-trained male cyclists by recording EEG data during exercise until
volitional fatigue in a hot environment (42oC, 18% r.h.). Power spectral analyses of the
EEG were performed using fast Fourier transforms to determine alpha (8-13 Hz) and beta
power (13-30 Hz) over the frontal cortex. These authors reported a decrease in beta power
when subjects were hyperthermic (oesophageal temperature >39oC) and dehydrated (1.7%
body-mass loss), while no significant changes in alpha power were observed under these
conditions. In a subsequent study (Nybo and Nielsen, 2001), in which subjects were tested
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in similar conditions, it was reported that these alterations in the EEG power spectrum also
developed over the central and occipital cortex. More recently, Ftaiti et al. (2010)
investigated changes in EEG power spectra during exhaustive exercise in the heat in
sedentary women, and also reported a significant reduction in beta power when subjects
were hyperthermic (tympanic temperature: 39.2oC) and dehydrated (2.1% body-mass loss),
thereby supporting previous observations. The ratio of alpha-beta was used in these studies
as an index of fatigue, with the rationale that a decrease in beta power and an increase in
alpha power would reflect decreased arousal. Although significant increases in the alphabeta index were observed in these experiments, reductions in beta power were primarily
responsible for these changes, indicating that it may have not been arousal per se, but rather
a more specific change to beta power that was affected during exhaustive exercise in the
heat (see Chapter Two).

Due to the nature of these experiments, the EEG recordings were all performed during or
directly after (exhaustive) exercise, but it is currently unclear if this exercise stimulus may
have had independent affects upon brain electrical activity. Investigators have frequently
reported increases in alpha power, with frontal hemispheric asymmetry, during and after
exercise (Pineda and Adkisson, 1961; Boutcher and Landers, 1988; Petruzzello and
Landers, 1994). However, most of these studies predominantly focussed on alpha power
at frontal recording sites, which may have resulted in incorrect conclusions about the loci
and meaning of EEG responses to exercise (Crabbe and Dishman, 2004). Indeed, others
have suggested that the affects of exercise on brain electrical activity were not limited to
alpha power and may be similar within and between hemispheres (Youngstedt at al., 1993;
Kubitz and Pothakos, 1997; Oda et al., 1999). Since these studies indicate that exercise
itself may influence the EEG power spectrum, it cannot be assumed that the observations
made during exhaustive exercise in the heat were the result of hyperthermia and
dehydration alone.

Besides exercise potentially confounding data interpretation, other methodological issues
were previously identified with regards to the independent influence of hyperthermia
(Chapter Two) and dehydration (Chapter Three) upon brain electrical activity, and evidently
these issues also apply to the experiments discussed in relation to the combined affects of
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these two states. Firstly, various levels of hyperthermia and dehydration were induced in
these studies, depending on the thermal exercise protocols employed, generally resulting
in pronounced hyperthermia, but only a low level of dehydration. Therefore, it is currently
unknown whether similar changes in the EEG power spectrum are observed at lower levels
of thermal strain or higher levels of dehydration. Secondly, these levels were not controlled
during the recordings of the EEG, with body temperature and body-fluid status constantly
changing and tracking changes in heat production and fluid loss. Thus, it cannot be assumed
that hyperthermia and dehydration per se would result in such alterations of the EEG power
spectrum, as thermal and body-fluid transients may affect neuronal processes differently
relative to steady-state conditions. Thirdly, only a limited number of electrode sites, mainly
placed over the left frontal cortex, were used in these studies to evaluate brain electrical
activity. As a result, electrophysiological affects could only be assessed within a specific
cortical region, leaving possible changes within and between hemispheres unexplored.
Finally, it is unclear if the recordings of the EEG were performed in eyes-open or eyesclosed conditions in most of these studies, and since this variation has substantially greater
influence on alpha activity than the reported effects, this could also have confounded data
interpretation.

Overall, only a few experiments have been conducted that have, inadvertently, evaluated
changes in brain electrical activity using power spectral analyses whilst subjects were both
hyperthermic and dehydrated (Nielsen et al., 2001; Nybo and Nielsen, 2001; Ftaiti et al.,
2010). However, the experimental conditions in these studies were limited, in that various
levels of hyperthermia and dehydration were produced using (thermal) exercise protocols,
these physiological states were not controlled during EEG recordings, data acquisition and
analysis was mostly restricted to the left frontal cortex, and visual modalities have possibly
confounded data interpretation. Therefore, the present study was designed to improve on
these methodological limitations and determine if and how hyperthermia and dehydration
combined would affect the power spectrum of the EEG. Three hydration levels
(euhydration, 3% dehydration, 5% dehydration) were induced using a passive (thermal)
dehydration protocol, and these target states were then clamped using controlled (isotonic)
fluid administration during the recording of resting brain electrical activity. In addition,
thermal status was maintained at either a thermoneutral or moderate hyperthermic level
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throughout experimentation using passive whole-body thermal clamping. It was
hypothesised that passively induced hyperthermia and dehydration in resting individuals
would combine to induce changes in the power spectrum of the EEG when recorded over
each hemisphere and across three cortical regions (i.e. frontal, central-parietal and occipital)
during eye-closure, resulting in a further increase in alpha power and decrease in beta
power relative to the thermoneutral, euhydrated state.

4.2 METHODS
4.2.1 Subjects
Eight healthy, physically active males participated in this study, and these were the same
subjects used for studies one and two (Table 2.1). Subjects were screened to exclude those
with low sweat rates, which would result in unacceptably lengthy dehydration times (>3.5
h), visual impairment, and those at risk for sub-clinical renal disease (kidney function blood
test), cardiovascular strain, musculoskeletal injury or a previous history of hyperthermia.
All procedures were approved by the Human Research Ethics Committee (HE09/373),
University of Wollongong, and all subjects provided written informed consent.

4.2.2 Experimental procedures
Subjects participated in six experimental trials, which differed only in the nature of the
experimental treatments (i.e. thermal and hydration state), although two of these trials were
completed in study one and three of these trials in study two. Indeed, the current study was
merely an expansion of studies two and three, with subjects participating in all six
experimental trials in immediate succession. Although trials were conducted over a period
of a year, seasonal variation within subjects was controlled to one season of the year, with
two subjects tested during Australian summer (December to February), three during autumn
(March to April), one during winter (June to August) and two during spring (September to
November). Furthermore, trials were conducted at the same time of day and separated by
at least seven days to avoid acclimation affects (Barnett and Maughan, 1993). Trial
sequences were balanced across subjects for thermal and hydration states, except for the
first experimental trial, in which the balancing of the hydration states was not achieved due
to the need to exclude subjects with low sweat rates (see Section 3.2.2.2).
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Figure 4.1 shows a schematic overview of the experimental procedures of this study.
Firstly, subjects were gradually dehydrated to one of three hydration levels: euhydration
(0% body-mass loss), 3% dehydration, 5% dehydration. Dehydration was achieved using
a staged and clamped dehydration protocol (see Section 3.2.2.1). Thermal clamps were then
used to achieve and sustain two thermal states: thermoneutral (mean body temperature:
36oC) and moderate hyperthermia (mean body temperature: 38oC). This was achieved using
an isothermal clamping technique (see Section 2.2.2.1). Thus, these three hydration states
were investigated at each level of thermal strain, resulting in six experimental trials, with
the control state being the thermoneutral and euhydrated condition.

4.2.2.1 Experimental protocol
In this study, a combination of the procedures from studies one (isothermal clamping) and
two (dehydration protocol) was used. Therefore, the experimental treatments and
measurements were identical to those described previously (see Sections 2.2.2.2 and 3.2.2.2
for full details). In summary, subjects arrived at the laboratory at 0700 h and euhydration
status was confirmed (urine specific gravity). Baseline data were recorded and a baseline
blood gas sample was collected after at least 20 min of seated rest in a temperate
environment. Starting body mass was recorded and subjects commenced the dehydration
protocol, which consisted of intermittent warm-water immersion (39-41oC), until the target
hydration state was achieved (Section 3.2.2.2). This hydration level was then maintained
throughout the rest of the trial using controlled isotonic-fluid administration. Prior to
preparation and instrumentation for the experimental trial, subjects rested for at least 1 h,
whilst controlled amounts of food and fluids were administered.

Subjects then commenced whole-body water immersion (seated) in either temperate (3435oC) or warm (40-41oC) water, depending on the trial of that day. Thus, on three
occasions, subjects were passively heated to a mean body temperature of 38oC (moderate
hyperthermia). On the other three days, immersion times were matched to the hyperthermia
trials, and a uniform thermoneutral mean body temperature (36oC) was established. These
thermal states were clamped throughout the rest of the trial by using a water-perfusion
garment and insulating clothing (fire-fighting thermal protective clothing) during cognitive
function assessment, and by using a climate controlled chamber (temperate: 25oC, 50% r.h.;
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Figure 4.1: Schematic overview of the experimental procedures: dehydration and moderate
hyperthermia. The experimental procedures in this study were a combination of those used
in studies one (isothermal clamping) and two (dehydration protocol). Subjects were
dehydrated to the target hydration state (0%, 3%, 5% body-mass loss) using a passive
thermal dehydration protocol. Whole-body water immersion was then used to manipulate
mean body temperature (!b) at either a thermoneutral (36oC) or moderate hyperthermic
level (38oC). Hydration and thermal states were clamped throughout each experimental
trial, whilst cognitive function and physiological regulation were assessed.
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hot-dry: 48oC, 20% r.h.) during physiological measurements (see Section 2.2.2.2). After
immersion was completed, subjects were transferred into the climatic chamber, regulated
at either temperate or hot-dry conditions, where body mass was recorded and clothing was
donned.

Subjects were then transferred via wheelchair to a neuropsychology laboratory (<10 min)
and placed inside a testing room and prepared for electrophysiological measures (<10 min).
Cognitive function measures consisted of three cognitive performance tasks,
electrophysiological measures and five psychophysical and mood indices, although testing
only commenced once mean body temperature was stable at either 36oC (thermoneutral) or
38oC (hyperthermia).

After the cognitive function measures were completed, subjects were transferred back to
the climatic chamber where all additional clothing was removed, body mass was recorded
and a urine sample was obtained. Subjects were seated on a chair in the chamber and data
collection commenced after 20 min of seated rest. The physiological measurements
included: three core temperatures, eight skin temperatures, heart rate, forearm blood flow,
skin blood flow, blood pressure, four local sweat rates, three blood samples and five
psychophysical and mood indices. After 30 min of seated rest, trials were terminated and
supervised recovery commenced. Final body mass was recorded and a final urine sample
was obtained. Table 4.1 illustrates the experimental timeline for each of these trials.

4.2.2.2 Experimental standardisation
The experimental standardisation for these trials was identical to study one and two (see
Section 2.2.2.3 for full details). In summary, diet and fluid intake were controlled to ensure
adequate hydration states and nutritional levels three days prior to each trial, and physical
exercise was limited for the 12-h period before each trial. Upon arrival at the laboratory,
euhydration status was confirmed, and if not within the lower half of the adequately
hydrated range (urine specific gravity <1.021; Armstrong et al., 1994), subjects were not
permitted to commence the experiment (N=2), and were tested on another day.
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Table 4.1: Experimental timeline.
Time (min)

Activity summary

0

Subject arrival

0-2

Euhydration status check: urine specific gravity <1.021

2-30

Subject instrumentation
Baseline data collection: heart rate, blood pressure,

30-35

core and skin temperatures, blood sample

38

Baseline body mass

39

Enter water immersion tank

40-2241

Dehydration protocol: intermittent warm-water immersion (39-41oC)

225

Exit water immersion tank

226

Body mass

Reset time:

Supervised rest and recovery:

0-120

food and isotonic drinks consumed

60

Urine sample

65-125

Subject preparation: instrumentation and practise perceptual task

125-130
Reset time:

Baseline data collection: heart rate, blood pressure, core and skin
temperatures, psychophysical and mood indices, blood sample
Pre-immersion body mass

0
3

Enter water immersion tank
Seated water immersion: 34-35oC (thermoneutral), 40-41oC

2

5-33

(hyperthermia)

34

Exit water immersion tank

1

Dehydration protocol times varied between subjects, averaging 184.0 min

(±0.1).
2

Immersion times varied between subjects from 19 to 47 min (average: 28
±0.1 min).
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35

Enter climatic chamber: 25oC, 50% r.h. (thermoneutral),
48oC, 20% r.h. (hyperthermia)

36

Post-immersion body mass

36-40

Don water-perfusion suit, insulating clothing, shoes

40-50

Transfer to neuropsychology laboratory (wheelchair)

50

Enter testing room, transfer to chair

50-60

Subject preparation

60

60-85
85
85-95

Testing starts once body temperature stable: 36oC (thermoneutral),
38oC (hyperthermia)
Cognitive function testing: performance tasks, EEG measures,
psychophysical and mood indices
Transfer to wheelchair, exit testing room
Transfer to climatic chamber: 25oC, 50% r.h. (thermoneutral),
48oC, 20% r.h. (hyperthermia)

95-97

Take off water-perfusion suit, insulating clothing, shoes

97-100

Urine sample

100

Experimental body mass

101

Transfer to chair

101-131

Seated rest (30 min)
Physiological data collection (10 min): heart rate, blood pressure,

121-131

core and skin temperatures, sweat rates, skin blood flow,
psychophysical and mood indices, blood samples

131

Terminate experiment: supervised recovery

132

Post-experimental body mass

132-135

Urine sample
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4.2.2.3 Familiarisation session
At least one familiarisation session was required per subject, four days prior to the first
experimental trial (see Section 2.2.4 for full details), although some subjects required an
additional familiarisation session to establish their sweating response for the dehydration
protocol (see Section 3.2.2.4 for full details).

4.2.3 Measurements
The measurements recorded and samples collected during these trials (Table 4.1) were
identical to study one (see Section 2.2.3 for full details) and study two (Section 3.2.3), and
allowed for the assessment of hydration state, thermal state, cardiovascular function, body
fluid regulation and cognitive function. These measurements are described in detail in
Sections noted above, and are summarised below for convenience.

4.2.3.1 Hydration state
4.2.3.1.1 Body mass
The water deficit level of each subject was tracked throughout each trial from changes in
semi-nude body mass, relative to the baseline body mass, which itself was the average of
three consecutive daily measurements obtained on the three mornings preceding each trial.
Body mass was recorded at arrival, intermittently during the dehydration protocol and
recovery period, pre-immersion, post-immersion, before and after the experimental trial.
For more details, please see Section 2.2.3.1.1.

4.2.3.1.2 Serum osmolality
Serum osmolality was analysed using freezing-point osmometry. Venous blood samples
were collected into serum vacutainers after 20 min seated rest in a climatic chamber. After
blood had clotted (~30 min), samples were centrifuged and serum was extracted and stored
at -80oC for later analysis (see Section 2.2.3.1.2).

4.2.3.1.3 Urinary indices
Mid-stream (spot) urine specimens were collected upon arrival and before and after each
experimental trial in sterile urine containers. Fresh specimens were used to measure urine
specific gravity. Samples were then transferred into Eppendorf tubes and stored at -80oC
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for subsequent measurement of urine osmolality using the freezing-point depression
technique as described in Section 2.2.3.1.2.

4.2.3.2 Thermal state
4.2.3.2.1 Core temperature
Core temperature was derived as the mean of three sites: oesophagus, auditory canal and
rectum. Core temperature data were continuously monitored throughout each trial, and
recorded at 15-sec intervals using a portable data logger, and subsequently downloaded to
a computer for analysis. Please see Section 2.2.3.2.1 for full details.

4.2.3.2.2 Skin temperature
Skin temperatures were monitored at 15-sec intervals from thermistors located at eight sites
(forehead, right scapula, right upper chest, left arm, right forearm, right hand, right anterior
thigh, left calf). Measurements were recorded using a data logger and later downloaded to
a computer. These measurements were used to determine mean skin temperature according
to Equation 2.3 in Section 2.2.3.2.2.

4.2.3.2.3 Mean body temperature
Mean body temperature was calculated from mean core and skin temperature according to
Equations 2.4 and 2.5 in Section 2.2.3.2.3.

All thermistors, including oesophageal, auditory canal, rectal and skin, were calibrated in
a stirred water bath against a calibrated referenced mercury thermometer. The procedure
was described in Section 2.2.3.2.3. Linear analysis was performed on collected data and a
calibration equation established for each thermistor. Using the coefficients of the linear
equations, thermistor output data were converted to the corrected temperatures.

4.2.3.2.4 Sweat rate
Total-body sweat loss was estimated from body-mass changes corrected for fluid intake and
urine production, but not for possible metabolic or respiratory losses. Measures were
recorded at arrival, intermittently during the dehydration protocol and recovery period, preimmersion, post-immersion, and at the start and conclusion of each chamber exposure.
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Local sweat rates were measured from four sites (forehead, left scapula, left chest, left
forearm) in the climatic chamber after 20 min of seated rest using capacity hygrometry (see
Section 2.2.3.2.4 for full details). Outside the climatic chamber, all capsules were ventilated
using a portable air pump. Inside the chamber, capsules were connected to the system and
sweat rate was recorded at 1-s intervals and saved on a computer.

4.2.3.3 Cardiovascular function
4.2.3.3.1 Heart rate
Heart rate was monitored continuously from ventricular depolarisation at 15-s intervals and
subsequently downloaded to computer for storage.

4.2.3.3.2 Blood pressure
Brachial systolic and diastolic blood pressures were measured using an automatic digital
monitor at arrival, baseline and the end of the seated rest period. Mean arterial pressure was
calculated as one-third systolic pressure added to two-thirds diastolic pressure.

4.2.3.3.3 Forearm blood flow
Forearm blood flow data were measured using venous-occlusion plethysmography (see
Section 2.2.3.3.3 for more details). Forearm blood flow data were collected for 2 min at the
end of the seated rest period in the climatic chamber. Analog output from the
plethysmograph system, sampled at 20 Hz, was passed via an eight channel, 12-bit analogto-digital converter to a computer for storage. Blood flow was calculated (Equation 2.7 in
Section 2.2.3.3.3) and normalised to changes in blood pressure and expressed in
conductance units.

4.2.3.3.4 Cutaneous blood flow
Data for cutaneous blood flow were collected (20 Hz) simultaneously with forearm blood
flow using laser-Doppler velocimetry (see Section 2.2.3.3.4 for full details). Prior to each
test, the integrity of the fibre optic probe and the electrical zero of the system were checked.
Analog output was passed via an eight channel, 12-bit analog-to-digital converter to a
computer for storage. Cutaneous blood flow was normalised to changes in blood pressure,
with cutaneous vascular conductance expressed as a percentage of either the corresponding
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thermoneutral condition to determine the affects of the temperature manipulation, or the
corresponding euhydration trial to evaluate the affects of the dehydration manipulation.

4.2.3.4 Body-fluid regulation
4.2.3.4.1 Plasma volume
Plasma volume was determined indirectly from haematocrit and haemoglobin concentration
measurements (Straus et al., 1951; Dill and Costill, 1974). Venous samples were collected
into blood gas tubes after 20 min of seated rest, at arrival and before and after the
experimental trial. Samples were analysed immediately using a portable blood gas analyser.
Volumes were calculated using the percent changes in plasma volume as derived from
changes in haematocrit and haemoglobin concentration (Equation 2.8 in Section 2.2.3.4.1).
The percent change was then transformed to an absolute plasma volume by using a
prediction equation for baseline measurement of plasma volume (Equation 2.9 in Section
2.2.3.4.1).

4.2.3.4.2 Renal function
Renal function was assessed by determining urine output and urine flow. All urine
specimens used for analysis were midstream samples, but total urine volume was also
collected to measure total urine output (L) and calculate urine flow (mL@min-1).

4.2.3.4.3 Electrolyte concentrations
Electrolyte concentrations (sodium, potassium and chloride) were measured in whole-blood
and plasma using a blood gas analyser (see Section 2.2.3.4.4 for full details). Whole-blood
was collected after 20 min of seated rest into a blood gas tube at arrival and before and after
each trial. Plasma was extracted from another blood sample collected simultaneously into
a lithium-heparin tube. In addition, the plasma content of these electrolytes was calculated
by multiplying these concentrations by the absolute plasma volumes.

4.2.3.5 Cognitive function
Cognitive function and psychophysical states were assessed via three measures: cognitive
performance tasks, electrophysiological measures, and sensation, comfort and mood ratings
(psychophysical indices and mood states).
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4.2.3.5.1 Cognitive performance tasks
Three cognitive performance tasks were performed within each trial: a visual perceptual
task administered at two different levels of difficulty (easy: 88.0 ±2.8% mean accuracy;
difficult: 78.4 ±3.5% mean accuracy), a working memory task that was at a difficulty level
approximately equal to that of the easy perceptual task (85.9 ±2.9% mean accuracy), and
a letter identification task (98.3 ±0.5% mean accuracy). These performance tasks were
administered in a counterbalanced order and the stimulus sequence within each task was
randomly assigned to subjects. The variables recorded and analysed for each performance
task were accuracy (i.e. number of correct responses) and reaction time of the correct
responses. In addition, performance accuracy data were analysed according to the signal
detection theory model (Green and Swets, 1966), with the sensitivity determined from the
statistic d-prime and the response bias from the statistic criterion. Please see Section
2.2.3.5.1 for more details.

4.2.3.5.2 Electrophysiological measures
Resting EEG data were recorded during eyes-closed conditions from 6 electrodes according
to the international 10-20 system (F3, F4, CP3, CP4, O1, O2; Figure 2.5), grounded
midway between Fz and FPz and referenced midway between Cz and CPz.
Electroocculogram (EOG) data were recorded from electrodes placed above (E1) and below
(E3) the left eye, and at the outer canthi of the left (E5) and right (E6) eye. Power spectral
analyses were performed to determined absolute power in the alpha (8-13 Hz) and beta (1330 Hz) bands at each electrode. For full details about EEG and EOG data acquisition and
analyses, please see Section 2.2.3.5.2.

4.2.3.5.3 Psychophysical indices and mood states
Subjective ratings of thermal sensation, thermal discomfort, thirst sensation and sleepiness
were recorded at baseline, after completion of the cognitive performance tasks and during
the physiological measurement period (Figure 2.6). In addition, subjects were asked to
complete a visual analogue mood scale (Figure 2.7) at baseline, prior to commencing the
cognitive performance tasks and prior to physiological measures were taken. Three factors
(alertness, contentedness, calmness) were extracted and the mean score of each factor was
determined. Please see Section 2.2.3.5.3 for more details.
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4.2.4 Experimental design and statistical analysis
This study was based upon a repeated-measures design, with subjects (N=8; unless stated
otherwise) acting as their own controls, participating in all six trials. The experimental
design (Figure 4.2) consisted of two factors (thermal and hydration state), with two levels
for thermal state (thermoneutral and hyptherthermia) and three levels for hydration state
(euhydration, 3% and 5% dehydration), and comparisons were made across these levels.

4.2.4.1 Statistical analyses: physiological data
Parametric statistics were used to analyse the physiological data, including the psychophysical indices and mood states. Differences between thermal and hydration states were
identified using two-way Analysis of Variance with repeated measures, followed by
Tukey’s HSD post hoc tests to isolate the sources of significance. Alpha was set at the 0.05
level for all statistical comparisons, with data reported as means and standard errors of the
means (±), unless stated otherwise as standard deviation (SD). In all cases of nonsignificant differences, post hoc power analyses were performed to evaluate the strength of
the experimental design (Cohen, 1988), in which a statistical power of greater than 0.8 (i.e.
beta <0.2) was considered statistically powerful. Furthermore, biological variation analysis
was performed to quantify the components of analytical and biological variability (see
Section 2.2.4.1 for full details).

4.2.4.2 Statistical analyses: cognitive function data
Due to the exploratory nature of this aspect of the project, and the relatively small sample
size for these type of measures, planned non-parametric comparisons were considered to
be more appropriate for the cognitive function measures. Since these do not have the degree
of flexibility that parametric tests have, simplified group variables were computed for the
performance and electrophysiological measures to allow relevant hypotheses to be tested.
Differences between three or more groups were identified using the Friedman test, followed
by Wilcoxon signed-rank post hoc tests conducted with a Bonferroni correction applied.
Differences between two groups were identified using the Wilcoxon signed-rank test. Alpha
was initially set at the 0.05 level for all comparisons, with data reported as means and
standard errors of the means (±), unless stated otherwise as standard deviation (SD).
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Figure 4.2: Experimental design of study three: dehydration and moderate hyperthermia.
Physiological regulation and cognitive function were evaluated in resting individuals at
each thermal state (thermoneutral and hyperthermia) and at different levels of hydration
(euhydration, 3% dehydration, 5% dehydration). Comparisons were made along the
abscissa (x-axis) as well as the ordinate (y-axis).

Page 234

4.2.4.2.1 Cognitive performance tasks
Each variable recorded and computed for the performance tasks (i.e. accuracy, reaction
time, sensitivity index and response bias) was analysed separately to evaluate the thermal
and hydration affects upon cognitive domain and task difficulty.

For cognitive domain, data from the working memory and difficult perceptual tasks were
compared and the following grouped categories were computed: (1A) working memory,
with data from the working memory tasks averaged across thermal and hydration states;
(1B) difficult perceptual, with data from the difficult perceptual tasks averaged across
thermal and hydration states; (1C) thermoneutral, with data from the thermoneutral trials
averaged across tasks and hydration levels; (1D) hyperthermia, with data from the
hyperthermia trials averaged across tasks and hydration levels; (1E) euhydration, with data
from the euhydration trials averaged across tasks and thermal states; (1F) 3% dehydration,
with data from the 3% dehydration trials averaged across tasks and thermal states; (1G) 5%
dehydration, with data from the 5% dehydration trials averaged across tasks and thermal
states. These groups were then compared to evaluate the affects on cognitive domain (1A
versus 1B), temperature (1C versus 1D) and hydration level (1E versus 1F, 1E versus 1G,
1F versus 1G).

Furthermore, additional groups were computed to assess possible interactions between
cognitive domain, temperature and hydration level. Firstly, the differences between the
thermoneutral and hyperthermia trials for each of the working memory and difficult
perceptual tasks were calculated (two groups) to assess the interaction between cognitive
domain and temperature. Secondly, the differences between the working memory and
difficult perceptual tasks for each of the euhydration, 3% and 5% dehydration trials were
calculated (three groups) to assess the interaction between cognitive domain and hydration
level. Thirdly, the differences between the thermoneutral and hyperthermia conditions for
each of the euhydration, 3% and 5% dehydration trials were calculated (three groups) to
assess the interaction between temperature and hydration level. Finally, the interaction
between cognitive domain, temperature and hydration level was explored by computing the
differences of the differences between the thermoneutral and hyperthermia conditions for
the working memory and difficult perceptual tasks within the euhydration, 3% and 5%
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dehydration trials (three groups).

For task difficulty, data from the easy and difficult perceptual tasks were compared and the
following grouped variables were computed: (1A) easy perceptual, with data from the easy
perceptual tasks averaged across thermal and hydration states; (1B) difficult perceptual,
with data from the difficult perceptual tasks averaged across thermal and hydration states;
(1C) thermoneutral, with data from the thermoneutral trials averaged across tasks and
hydration levels; (1D) hyperthermia, with data from the hyperthermia trials averaged across
tasks and hydration levels; (1E) euhydration, with data from the euhydration trials averaged
across tasks and thermal states; (1F) 3% dehydration, with data from the 3% dehydration
trials averaged across tasks and thermal states; (1G) 5% dehydration, with data from the 5%
dehydration trials averaged across tasks and thermal states. These groups were then
compared to evaluate the affects on cognitive domain (1A versus 1B), temperature (1C
versus 1D) and hydration level (1E versus 1F, 1E versus 1G, 1F versus 1G).

Furthermore, additional groups were computed to assess possible interactions between task
difficulty, temperature and hydration level. Firstly, the differences between the
thermoneutral and hyperthermia trials for each of the easy and difficult perceptual tasks
were calculated (two groups) to assess the interaction between task difficulty and
temperature. Secondly, the differences between the easy and difficult perceptual tasks for
each of the euhydration, 3% and 5% dehydration trials were calculated (three groups) to
assess the interaction between task difficulty and hydration level. Thirdly, the differences
between the thermoneutral and hyperthermia conditions for each of the euhydration, 3%
and 5% dehydration trials were calculated (three groups) to assess the interaction between
temperature and hydration level. Finally, the interaction between task difficulty,
temperature and hydration level was explored by computing the differences of the
differences between the thermoneutral and hyperthermia conditions for the easy and
difficult perceptual tasks within the euhydration, 3% and 5% dehydration trials (three
groups).

4.2.4.2.2 Electrophysiological measures
Alpha and beta power were analysed separately to explore the thermal and hydration affects
Page 236

upon these spectral bands in the eyes-closed conditions. Within each band, data from all six
electrodes (F3, F4, CP3, CP4, O1, O2) were used to compute the following groups for the
topographical dimensions (i.e. sagittal and lateral), temperature and hydration level.

For the topographical dimensions, mean data from the frontal (F3, F4), central-parietal
(CP3, CP4) and occipital (O1,O2) electrode sites were averaged across the thermal and
hydration states, and these three groups were compared to evaluate differences in the
sagittal dimension. Also, mean data from the left (F3, CP3, O1) and right hemisphere (F4,
CP4, O2) were averaged across thermal and hydration states, and these two groups were
compared to assess differences in the lateral dimension.

For temperature, mean data from each of the thermoneutral and hyperthermia trials were
averaged across hydration levels and topographical dimensions (F3, F4, CP3, CP4, O1,
O2), and these two groups were compared to determine global changes as a result of the
temperature manipulation.

For hydration level, mean data from the euhydration, 3% and 5% dehydration trials were
averaged across thermal states and topographical dimensions (F3, F4, CP3, CP4, O1, O2),
and these three groups were compared to determine global changes as a result of the
dehydration manipulation.

Furthermore, additional groups were computed to assess possible interactions between
temperature, hydration level and topographical dimensions. The differences between the
left and right hemisphere for the frontal, central-parietal and occipital regions (three groups)
were calculated to assess the interaction between the sagittal and lateral dimension. The
differences between the thermoneutral and hyperthermia trials for the frontal, centralparietal and occipital areas (three groups) were computed to determine the interaction
between temperature and the sagittal dimension. The differences between each hydration
level for the frontal, central-parietal and occipital regions (nine groups) were calculated to
explore the interaction between the hydration level and the sagittal dimension. The
differences between the left and right hemisphere for the thermoneutral and hyperthermia
trials (two groups) were calculated to evaluate the interaction between temperature and the
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lateral dimension. The differences between the left and right hemisphere for the
euhydration, 3% and 5% dehydration trials (three groups) were computed to assess the
interaction between hydration level and the lateral dimension. The differences between the
thermoneutral and hyperthermia conditions for the the euhydration, 3% and 5% dehydration
trials (three groups) were computed to determine the interaction between temperature and
hydration level.

Then, the differences of the differences between the thermoneutral and hyperthermia trials
for the left and right hemisphere within the frontal, central-parietal and occipital regions
(three groups) were calculated to evaluate the interaction between temperature, sagittal and
lateral dimension. The differences of the differences between each hydration level for the
left and right hemisphere within the frontal, central-parietal and occipital regions (nine
groups) were calculated to explore the interaction between hydration level, sagittal and
lateral dimension. The differences of the differences between the thermoneutral and
hyperthermia condition for the left and right hemisphere within the euhydration, 3% and
5% dehydration trials were calculated (three groups) to assess the interaction between
temperature, hydration level and the lateral dimension. The differences of the differences
between each hydration levels for the thermoneutral and hyperthermia trials within the
frontal, central-parietal and occipital regions were calculated (nine groups) to determine the
interaction between temperature, hydration level and the sagittal dimension. Finally, the
differences of the differences between the thermoneutral and hyperthermia conditions for
the left and right hemisphere at each hydration level within the frontal, central-parietal and
occipital regions was calculated (nine groups) and the interaction between temperature,
hydration level, sagittal and lateral dimensions was evaluated.

4.3 RESULTS
4.3.1 Pre-experimental standardisation
Since the objective of this study was to investigate the influences of heat strain and
dehydration upon physiological regulation and cognitive function, it was essential that
subjects were sufficiently hydrated prior to commencement of each trial, and that the interindividual variability in the pre-experimental physiological status of subjects was
minimised across trials. Table 4.2 contains physiological data recorded at baseline for the
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Table 4.2: Physiological variables recorded at rest during baseline for the euhydration (0%), 3% and 5% dehydration trials in thermoneutral and hyperthermia
conditions, with biological variation in subject status between trials represented by intra-individual coefficients of variability (CVI). Data are means with standard
errors of the means (N=8).
Thermoneutral

Hyperthermia

Variable
0%

3%

5%

0%

3%

5%

CVI (%)

Body mass (kg)

74.82 ±3.25

74.73 ±3.20

74.40 ±3.19

74.81 ±3.15

74.43 ±3.04

74.90 ±3.24

0.8

Urine specific gravity

1.011 ±0.002

1.011 ±0.002

1.014 ±0.002

1.013 ±0.003

1.013 ±0.002

1.013 ±0.003

0.4

Haematocrit (%)

45 ±1

44 ±1

46 ±1

43 ±0

44 ±1

44 ±1

4.4

Haemoglobin concentration (g@100 mL-1 )

15 ±0

14 ±0

15 ±0

14 ±0

14 ±0

14 ±0

4.6

Plasma volume (L)

3.04 ±0.09

3.04 ±0.09

3.04 ±0.09

3.04 ±0.09

3.03 ±0.08

3.04 ±0.09

0.3

Sodium concentration (mmol@L-1 )

139 ±0

140 ±1

140 ±1

139 ±1

140 ±1

141 ±1

1.4

Potassium concentration (mmol@L-1 )

3.9 ±0.1

4.1 ±0.1

3.8 ±0.1

3.9 ±0.1

3.9 ±0.2

4.1 ±0.1

6.2

Chloride concentration (mmol@L-1 )

107 ±1

107 ±1

106 ±1

108 ±1

108 ±0

107 ±1

1.4

Auditory canal temperature (o C)

36.42 ±0.10

36.41 ±0.12

36.29 ±0.13

36.28 ±0.07

36.38 ±0.08

36.21 ±0.09

-

Heart rate (beats@min-1 )

66 ±4

64 ±5

62 ±4

60 ±4

61 ±3

59 ±5

9.9

Systolic blood pressure (mmHg)

115 ±2

123 ±3

117 ±2

117 ±1

118 ±2

123 ±4

5.6

Diastolic blood pressure (mmHg)

72 ±2

76 ±3

77 ±2

76 ±2

73 ±3

75 ±3

6.5

Mean arterial pressure (mmHg)

87 ±1

92 ±3

90 ±2

90 ±2

88 ±2

91 ±3

4.6

Note: Electrolyte concentrations were measured in whole-blood samples collected during baseline.
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euhydration (0%), 3% and 5% dehydration trials in both thermoneutral and hyperthermia
conditions. Every subject presented in a euhydrated state (urine specific gravity <1.021;
Armstrong et al., 1994) in the morning of each trial, thereby satisfying the first criterion.
Furthermore, no differences between trials were observed for the baseline measures of body
mass, urine specific gravity, plasma volume, or any of the blood constituents (Table 4.2;
P>0.05 and power >0.8 for each comparison), confirming that the hydration status of these
subjects was equivalent prior to the commencement of these trials in each condition.
Thermal and cardiovascular states were also standardised between trials, with no
differences present in the pre-experimental status of these subjects (Table 4.2; P>0.05 and
power >0.8 for each comparison). In addition, biological variation in subject status between
trials was low for each of these baseline measures (Table 4.2). Since these baseline data
matched those which may be expected within the resting state for healthy subjects
(Holmgren et al., 1960; Hardy and Stolwijk, 1966; Pearson et al., 1995; Kratz et al., 2004),
it can be assumed that differences observed during experimental treatments may be wholly
associated with normal physiological function, as influenced by the thermal and
dehydration manipulations used within the current study.

4.3.2 Experimental treatment: dehydration protocol
A thermal dehydration protocol (see Section 3.2.2.2) was used to achieve each of three
hydration levels: euhydration, 3% and 5% dehydration. Due to different sweating responses
among subjects, dehydration durations were highly variable, ranging between 137 and 270
min (average: 184.0 ±0.1 min). However, dehydration procedures were replicated for each
subject to ensure exposure to a similar level of physiological strain between these trials, and
no within-subject differences were present for average water temperature, time spent in and
out of the water or total protocol duration. Indeed, whole-body sweat losses were
comparable across these procedures (P>0.05; power >0.8), averaging for the thermoneutral
trials 3.42 L (±0.57), 3.77 L (±0.36) and 3.54 L (±0.25), and for the hyperthermia trials 3.83
L (±0.27), 3.59 L (±0.41) and 3.96 L (±0.26) during euhydration, 3% and 5% dehydration,
respectively. Consequently, different volumes of isotonic-fluid were administered during
these protocols to maintain the dehydration targets, with total fluid consumption averaging
2.19 L (±0.26) and 2.84 L (±0.13) during euhydration, and 1.14 L (±0.36) and 1.50 L
(±0.42) during 3% dehydration for the thermoneutral and hyperthermia trials, respectively.
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Subjects received no fluids during 5% dehydration in either thermal state. As a result, target
hydration levels were attained within <0.05% of the mass targets (thermoneutral: 0.001%
for euhydration, 0.030% for 3% dehydration, 0.049% for 5% dehydration; hyperthermia:
0.000% for euhydration, 0.027% for 3% dehydration, 0.046% for 5% dehydration) once the
dehydration protocol was completed.

After each dehydration target was achieved, hydration state was clamped throughout each
trial using controlled fluid replacement strategies (see Section 3.2.2.3). Subjects consumed
(on average) during the thermoneutral trials 0.89 L (±0.18), 0.22 L (±0.06) and 0.05 L
(±0.03) of fluids, and during the hyperthermia trials 2.71 L (±0.18), 1.95 L (±0.35) and 2.06
L (±0.34) for the euhydration, 3% and 5% dehydration conditions, respectively. This
strategy resulted clamping the hydration targets, as reflected by body-mass changes (Table
4.3), from the start to the end of each data collection period (P>0.05; power >0.8) at each
hydration level for both the thermoneutral and hyperthermia trials. Significant differences
between targets were present for hydration level (P<0.01), with a significant difference
between each target state, but not for temperature (P>0.05; power >0.8), indicating that the
hydration targets were equivalent across both thermal states throughout the data collection
period. Furthermore, these hydration states were verified by the other hydration indices
measured in this study. For instance, both urine specific gravity and urine osmolality
changed during dehydration (P<0.01 for each comparison), with reduced values during
euhydration compared to 3% and 5% dehydration at both thermal states (Table 4.3), but not
between the start and the end of each trial (P>0.05 and power >0.8 for each comparison).
Similarly, serum osmolality was influenced by hydration level (P<0.01), with increased
osmolality during 5% dehydration compared to euhydration at each thermal state, as well
as during 3% dehydration relative to euhydration in the hyperthermia condition (Table 4.3).
Although these differences in osmolality between the euhydration and 3% dehydration
(thermoneutral: 5 mOsm@kg H2O-1; hyperthermia: 10 mOsm@kg H2O-1) as well as 5%
dehydration trials (thermoneutral: 9 mOsm@kg H2O-1; hyperthermia: 14 mOsm@kg H2O-1)
were comparable to those generally reported during dehydration (Sawka et al., 1985;
Popowski et al., 2001; Bartok et al., 2004; Cheuvront et al., 2011), it should be noted that
overall these osmolality values were lower than anticipated, and possible reasons for this
occurrence (e.g. pre-experimental standardisation, hydration procedure, fluid consumption)
Page 241

Table 4.3: Hydration indices measured during the final ten minutes of rest, averaged over the first minute (start), last minute (end) and ten minutes (average),
for the euhydration (0%), 3% and 5% dehydration trials in thermoneutral and hyperthermia conditions. Data are means with standard errors of the means
(N=8). Significant differences (P<0.05) are indicated by the symbols: (§) euhydration versus corresponding 3% and 5% dehydration, (†) 3% versus
corresponding 5% dehydration.
Thermoneutral
Variable

Body-mass
changes (%)

Urine specific
gravity

Urine osmolality
(mOsm@kg H2O-1)
Serum osmolality
(mOsm@kg H2O-1)

Hyperthermia

Time
0%

3%

5%

0%

3%

5%

Start

0.00 ±0.11

2.99 ±0.06§

5.03 ±0.04§†

1.02 ±0.25

3.66 ±0.19§

5.34 ±0.27§†

End

0.29 ±0.13

3.28 ±0.08§

5.25 ±0.05§†

0.61 ±0.44

2.90 ±0.18§

4.76 ±0.15§†

Average

0.14 ±0.09

3.14 ±0.06§

5.14 ±0.04§†

0.82 ±0.33

3.32 ±0.11§

5.05 ±0.18§†

Start

1.004 ±0.001

1.029 ±0.003§

1.035 ±0.002§

1.005 ±0.001

1.031 ±0.002§

1.037 ±0.002§

End

1.003 ±0.001

1.026 ±0.003§

1.034 ±0.002§

1.011 ±0.003

1.032 ±0.002§

1.035 ±0.000§

Average

1.003 ±0.001

1.028 ±0.003§

1.034 ±0.002§

1.010 ±0.002

1.032 ±0.002§

1.035 ±0.000§

Start

94 ±15

815 ±81§

924 ±75§

132 ±31

789 ±43§

929 ±53§

End

91 ±9

764 ±90§

931 ±55§

251 ±56

716 ±48§

843 ±35§

Average

93 ±12

790 ±84§

927 ±54§

228 ±50

730 ±43§

880 ±30§

Average

280 ±1

285 ±2

289 ±2§

272 ±3

282 ±2§

286 ±5§
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were discussed in detail in previous Chapters (see Sections 2.4.1.2 and 3.4.1.1).

Overall, it can be concluded that the dehydration manipulation was successful for each of
these trials, with hydration targets clamped at either a euhydration, 3% or 5% dehydration
level. Furthermore, subjects were exposed to a similar level of physiological strain during
each dehydration procedure, regardless of the hydration target for that day. Therefore, it can
be assumed that physiological and cognitive functions were equally affected by the preexperimental treatment used in these trials.

4.3.3 Experimental treatment: isothermal clamping technique
An isothermal clamping technique (see Section 2.2.2.2) was used to ensure thermal stability
during each experimental trial at either a thermoneutral or hyperthermic level. In the
hyperthermia trials, mean core temperature was (on average) elevated by 1.09oC (±0.15),
1.06oC (±0.15) and 1.02oC (±0.07; Table 4.4), and mean skin temperature by 6.33oC
(±0.18), 6.16oC (±0.35) and 6.02oC (±0.27; Table 4.4) during euhydration, 3% and 5%
dehydration, respectively. As a result, mean body temperature was increased during
hyperthermia conditions by 2.15oC (±0.13), 2.12oC (±0.11) and 2.07oC (±0.07; Table 4.4)
in the respective euhydration, 3% and 5% dehydration trials. For each of these
temperatures, there was a main effect for temperature (P<0.01; Table 4.4), with significant
elevations during the hyperthermia trials at each level of hydration, but not for hydration
level (P>0.05; power >0.8 for mean core and body temperature; power <0.8 for mean skin
temperature), indicating that both thermal states were comparable across hydration states.
Furthermore, only mean skin temperature differed between the start and end of each data
collection period (P<0.01; Table 4.4), with significant reductions at the end compared to
the start, while no differences were observed for mean core (P>0.05; power >0.8) and mean
body temperature (P>0.05; power >0.8). Thus, the required experimental control over mean
body temperature was also achieved, with thermal state clamped at an equivalent
thermoneutral or hyperthermic level during euhydration, 3% and 5% dehydration.
Therefore, it can be assumed that differences observed in physiological regulation and
cognitive function in this study were highly probable the result of both thermal and
dehydration manipulations performed under rigidly controlled experimental conditions.
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Table 4.4: Temperatures recorded during the final ten minutes of rest, averaged over the first minute (start), last minute (end) and ten minutes
(average), for the euhydration (0%), 3% and 5% dehydration trials in thermoneutral and hyperthermia conditions. Data are means with standard errors
of the means (N=8). Significant differences (P<0.05) are indicated by the symbols: (*) thermoneutral versus corresponding hyperthermia, (¶) start
versus corresponding end.
Thermoneutral
Variable

Mean core
temperature (oC)

Mean skin
temperature (oC)

Mean body
temperature (oC)

Hyperthermia

Time
0%

3%

5%

0%

3%

5%

Start

37.00 ±0.08

37.08 ±0.14

37.24 ±0.12

38.12 ±0.15*

38.17 ±0.07*

38.32 ±0.08*

End

37.03 ±0.08

37.12 ±0.13

37.26 ±0.13

38.09 ±0.16*

38.16 ±0.07*

38.27 ±0.07*

Average

37.02 ±0.08

37.11 ±0.14

37.26 ±0.12

38.11 ±0.16*

38.17 ±0.07*

38.28 ±0.08*

Start

32.18 ±0.12

32.11 ±0.17

32.30 ±0.19

38.07 ±0.27*

37.80 ±0.26*

37.79 ±0.26*

End

31.19 ±0.13¶

31.16 ±0.20¶

31.35 ±0.23¶

37.93 ±0.18*

37.75 ±0.27*

37.79 ±0.26*

Average

31.70 ±0.12

31.64 ±0.19

31.84 ±0.22

38.04 ±0.21*

37.79 ±0.23*

37.86 ±0.24*

Start

36.04 ±0.07

36.08 ±0.12

36.25 ±0.12

38.12 ±0.16*

38.14 ±0.05*

38.26 ±0.08*

End

35.86 ±0.07

35.93 ±0.12

36.08 ±0.12

38.08 ±0.15*

38.12 ±0.06*

38.21 ±0.09*

Average

35.96 ±0.07

36.02 ±0.12

36.18 ±0.12

38.11 ±0.16*

38.14 ±0.05*

38.25 ±0.08*
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4.3.4 Cardiovascular responses
In the thermoneutral conditions, forearm vascular conductance was controlled at a low level
at each hydration level (Figure 4.3). The elevated thermal strain resulted in significant
increases in vascular conductance by 742.8% (±172.8), 548.6% (±124.2) and 594.2%
(±189.2) during euhydration, 3% and 5% dehydration, respectively (P<0.01). However, no
influences were observed for hydration level (P>0.05; power >0.8), nor was there a
significant interaction (P>0.05; power >0.8). Likewise, cutaneous vascular conductance
was increased as a result of moderate hyperthermia by 132.6% (±25.5) during euhydration,
293.4% (±117.1) during 3% dehydration and 312.6% (±130.9) during 5% dehydration
(P<0.05), though no differences were observed for hydration level (P>0.05; power >0.8),
and no interaction was present (P>0.05; power >0.8).

Similar to vasomotor function, heart rate responses were also influenced by temperature
(P<0.01), with significant elevations of 74%, 66% and 59% in the hyperthermia conditions
during euhydration, 3% and 5% dehydration, respectively (Figure 4.4). However, heart rate
was not affected by hydration level (P>0.05; power >0.8), and there was no significant
interaction present (P>0.05; power >0.8).

Blood pressures were also affected under these experimental conditions (Figure 4.5), with
these values differing from the respective baseline data (Table 4.2) in the hyperthermia
condition (P<0.05 for each comparison), as well as at each level of dehydration (P<0.05 for
each comparison). Furthermore, systolic pressure was influenced by hydration level
(P<0.01), with a reduction observed during 5% dehydration in the hyperthermia condition
(Figure 4.5A), but not by temperature (P>0.05; power >0.8), and there was no significant
interaction (P>0.05; power >0.8). No differences were observed for diastolic pressure as
a result of either temperature (P>0.05; power >0.8) or hydration level (P>0.05; power
>0.8), nor was there a significant interaction (P>0.05; power >0.8). However, mean arterial
pressure was affected by hydration level (P<0.05), with a significant decrease observed
during 5% dehydration in the hyperthermia conditions (Figure 4.5C), but not by
temperature (P>0.05; power >0.8), and no significant interaction was present (P>0.05;
power >0.8).
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Figure 4.3: Forearm vascular conductance recorded during the final ten minutes of rest for
the euhydration (0%), 3% and 5% dehydration trials in thermoneutral (grey) and
hyperthermia (black) conditions. Data are means with standard errors of the means (N=8).
Significant differences (P<0.05) are indicated by the symbols: (*) thermoneutral versus
corresponding hyperthermia.

Page 246

Figure 4.4: Heart rate averaged over the final ten minutes of rest for the euhydration (0%),
3% and 5% dehydration trials in thermoneutral (grey) and hyperthermia (black) conditions.
Data are means with standard errors of the means (N=8). Significant differences (P<0.05)
are indicated by the symbols: (*) thermoneutral versus corresponding hyperthermia.
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Figure 4.5: Blood pressures measured during the final ten minutes of rest for the
euhydration (0%), 3% and 5% dehydration trials in thermoneutral (grey) and hyperthermia
(black) conditions. White bars before each trial specific bar show the pre-experimental
baseline data. Data are means with standard errors of the means (N=8). Significant
differences (P<0.05) are indicated by the symbols: (*) baseline versus experimental values,
(§) euhydration versus corresponding 5% dehydration.
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In summary, moderate hyperthermia independently increased cardiovascular strain as was
evident from significant elevations in vascular conductance and heart rate at each hydration
level, whilst dehydration had no independent adverse affects upon these measures.
However, dehydration independently influenced blood pressure regulation in these trials,
with a significant reduction in systolic and mean arterial pressure present during 5%
dehydration in the hyperthermia conditions. Nevertheless, no interactions between
temperature and hydration level were observed under these resting conditions for these
cardiovascular measures, indicating that the combination of these states had no additive
influences upon cardiovascular function.

4.3.5 Body-fluid responses
During these resting experimental conditions, fluid losses, corrected for fluid intake and
urine production, were most likely transepidermal during the thermoneutral trials (Taylor
and Machado-Moreira, 2013). Average whole-body transepidermal losses of 0.06 kg
(±0.06), 0.15 kg (±0.03) and 0.22 kg (±0.03) were observed during euhydration, 3% and 5%
dehydration, corresponding to respective whole-body transepidermal rates of 0.06 L@h-1
(±0.06), 0.14 L@h-1 (±0.03) and 0.20 L@h-1 (±0.03). However, as a result of an elevation in
mean body temperature in the hyperthermia condition, eccrine sweat glands were activated
and significant increases in sweat loss were observed (P<0.01). On average, subjects lost
1.66 kg (±0.18) of sweat during euhydration, 1.25 kg (±0.24) during 3% dehydration and
1.41 kg (±0.21) during 5% dehydration. Respective whole-body sweat rates were also
increased in the hyperthermia conditions (P<0.01), averaging 1.58 L@h-1 (±0.14), 1.06 L@h-1
(±0.18) and 1.32 L@h-1 (±0.13). However, no dehydration-induced influences were observed
for either transepidermal or sweat loss (P>0.05; power >0.8) and corresponding rates
(P>0.05; power >0.8), nor were there significant interactions present (P>0.05 and power
>0.8 for each comparison).

In addition, transepidermal and sweat rates were measured at the forehead, chest, scapula
and forearm. However, due to the nature of these trials (i.e. donning of clothing in
combination with high sweat rates), data collection for local sweat rates experienced
difficulties in the hyperthermia trials, resulting in a low number of capsules available for
the determination of average sweat rate at each site. Therefore, only transepidermal and
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sweat rates at the forehead (N=6) were compared between trials, with transepidermal rates
averaging 0.07 mg@cm-2@min-1 (±0.02), 0.10 mg@cm-2@min-1 (±0.05) and 0.08 mg@cm-2@min-1
(±0.03) in the thermoneutral condition during euhydration, 3% and 5% dehydration,
respectively. As expected, these respective local sweat rates were significantly elevated
during moderate hyperthermia (P<0.01), averaging 8.19 mg@cm-2@min-1 (±0.95), 7.02 mg@cm2

@min-1 (±0.77) and 7.81 mg@cm-2@min-1 (±1.04), though no differences were observed as a

result of hydration level (P>0.05; power >0.8), and there was no significant interaction
(P>0.05; power >0.8).

Plasma volume changes were determined from haematocrit and haemoglobin
concentrations, and these blood constituents increased significantly as a result of
temperature (P<0.01 for each comparison; Table 4.5), with both constituents elevated in
the hyperthermia relative to thermoneutral condition during euhydration, and as a result of
hydration level (P<0.01 for each comparison; Table 4.5), with both constituents increased
during 5% dehydration compared to euhydration in the thermoneutral condition, although
no significant interaction was observed (P>0.05; power >0.8). As expected, these changes
were reflected in the absolute plasma volume in these trials (Figure 4.6), which was also
affected by temperature (P<0.05), with a reduced plasma volume in the hyperthermia
relative to thermoneutral condition during euhydration, as well as by hydration level
(P<0.05), with a reduction in plasma volume during 5% dehydration compared to
euhydration in the thermoneutral condition, but there was no significant interaction present
(P>0.05; power >0.8).

Regardless of these changes in plasma volume, the electrolyte content in the plasma was
not affected by the experimental manipulations (Table 4.5). Indeed, no differences in
sodium, potassium and chloride content were observed as a result of temperature (P>0.05
and power >0.8 for each comparisons) or hydration level (P>0.05 and power >0.8 for each
comparisons), and there were no significant interactions (P>0.05 and power >0.8 for each
comparison). However, the concentration of these electrolytes was modified during these
trials. Sodium concentration was affected by hydration level (P<0.01), with increases
observed during 5% dehydration relative to euhydration at each thermal state (Table 4.5),
but not by temperature (P>0.05; power >0.8), and no significant interaction was present
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Table 4.5: Blood plasma constituents measured during the final ten minutes of rest, and renal function averaged over 30 min of rest, for the
euhydration (0%), 3% and 5% dehydration trials in thermoneutral and hyperthermia conditions. Data are means with standard errors of the means
(N=8). Significant differences (P<0.05) are indicated by the symbols: (*) thermoneutral versus corresponding hyperthermia, (§) euhydration versus
corresponding 3% and 5% dehydration.
Thermoneutral

Hyperthermia

Variable
0%

3%

5%

0%

3%

5%

Haematocrit (%)

48 ±0

50 ±1

52 ±1§

51 ±1*

52 ±1

54 ±2

Hamemoglobin (g@100 mL-1)

16 ±0

16 ±0

17 ±0§

17 ±0*

17 ±0

18 ±1

137 ±1

141 ±1

141 ±1§

134 ±1

138 ±1

138 ±1§

Sodium content (mmol)

378 ±13

339 ±12

334 ±4

303 ±14

295 ±17

286 ±15

Potassium concentration (mmol@L-1)

3.9 ±0.1

4.2 ±0.1

4.3 ±0.1§

3.6 ±0.1

3.7 ±0.1*

3.9 ±0.2

Potassium content (mmol)

10.6 ±0.4

10.1 ±0.3

10.3 ±0.1

8.1 ±0.5

7.9 ±0.6

8.1 ±0.6

Chloride concentration (mmol@L-1)

106 ±1

107 ±1

109 ±1

105 ±1

108 ±1

110 ±1§

Chloride content (mmol)

291 ±11

258 ±9

258 ±3

238 ±10

231 ±13

227 ±12

Urine output (L)

0.63 ±0.06

0.10 ±0.03§

0.06 ±0.01§

0.30 ±0.10*

0.05 ±0.02§

0.02 ±0.01§

Urine flow (mL@min-1)

10.8 ±6.0

1.1 ±0.9§

0.6 ±0.3§

5.5 ±4.0*

0.7 ±0.6§

0.2 ±0.2§

Plasma sodium concentration
(mmol@L-1)
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Figure 4.6: Plasma volume calculated during the final ten minutes of rest for the
euhydration (0%), 3% and 5% dehydration trials in thermoneutral (grey) and hyperthermia
(black) conditions. Data are means with standard errors of the means (N=8). Significant
differences (P<0.05) are indicated by the symbols: (*) thermoneutral versus corresponding
hyperthermia, (§) euhydration versus corresponding 5% dehydration.
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(P>0.05; power >0.8). Similarly, dehydration-induced influences were observed for
chloride concentration (P<0.01), which increased during 5% dehydration relative to
euhydration in the hyperthermia condition (Table 4.5), and no differences were present for
temperature (P>0.05; power >0.8), and there was no significant interaction (P>0.05; power
>0.8). However, potassium concentration was not only affected by hydration level
(P<0.01), with greater concentrations present during 5% dehydration relative to euhydration
in the thermoneutral condition (Table 4.5), but also by temperature (P<0.01), with a
reduction in concentration observed in the hyperthermia compared to thermoneutral
conditions during 5% dehydration (Table 4.5), although no significant interaction was
observed (P>0.05; power >0.8). Thus, the concentration of each of these solutes was
independently influenced by 5% dehydration, with potassium concentration also
independently affected by moderate hyperthermia, although no significant interactions were
observed.

Since the composition of the plasma was modified during these trials, this was reflected in
serum osmolality, which was influenced by hydration level (P<0.01), with a higher
osmolality during 5% dehydration relative to euhydration at each thermal state, as well as
an increased osmolality during 3% dehydration compared to euhydration in the
hyperthermia condition (Table 4.3), but not by temperature (P>0.05; power >0.8), nor was
there a significant interaction present (P>0.05; power >0.8).

Furthermore, changes in renal function were observed during these experimental
conditions. Both urine output and flow were affected by hydration level (P<0.05 for each
comparison), with significant decreases observed during 3% and 5% dehydration relative
to euhydration at each thermal state (Table 4.5), and by temperature (P<0.05 for each
comparison), with significant decreases observed in hyperthermia compared to
thermoneutral conditions during euhydration (Table 4.5), but there were no significant
interactions present (P>0.05). Thus, renal function was independently influenced by
dehydration as well as moderate hyperthermia, thereby defending plasma volume under
these conditions.

In summary, moderate hyperthermia independently caused a redistribution of body fluids
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in these subjects, resulting in a reduced plasma volume. Moreover, dehydration
independently caused a significant decrease in plasma volume, though it was defended at
the highest level of dehydration. In addition, the composition of the plasma was changed
during 5% dehydration, with increased electrolyte concentrations resulting in elevations in
osmolality. Nevertheless, no interactions between temperature and hydration level were
observed for these measures of body-fluid homeostasis during these resting conditions,
meaning that these two states combined did not exert additive affects upon these body-fluid
measures.

4.3.6 Cognitive function
During the assessment of cognitive function, thermal and hydration states were clamped at
a steady-state level (Table 4.6), as no significant differences were observed between the
start and end of this data collection period for either mean core (P>0.05; power >0.8), mean
skin (P>0.05; power >0.8) and mean body temperature (P>0.05; power >0.8), or body-mass
change (P>0.05; power >0.8). Mean core and mean skin temperatures were significantly
elevated in each hyperthermia relative to the corresponding thermoneutral trials (P<0.01
for each comparison; Table 4.6), and no differences were observed for hydration level
(P>0.05 and power >0.8 for each comparison). Consequently, mean body temperature was
clamped at either a thermoneutral or hyperthermia level, with a significant difference
between these states (P<0.01; Table 4.6), but not between hydration levels (P>0.05; power
>0.8), indicating that both thermal states were similar across the three dehydration
conditions during the assessment of cognitive function. Furthermore, the hydration targets
were maintained during this testing phase and differed significantly from each other
(P<0.01; Table 4.6), whilst no differences for targets were observed for temperature
(P>0.05; power >0.8). In addition, heart rate was significantly elevated as a result of
moderate hyperthermia (P<0.01; Table 4.6), but appeared not to be affected by hydration
level (P>0.05) although statistical power was low (<0.8). Overall, it can be concluded that
the experimental controls were achieved during the assessment of cognitive function.
Moderate hyperthermia elevated thermal and cardiovascular strain, whilst hydration states
were maintained. However, thermal and cardiovascular states were not influenced by the
dehydration manipulation.
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Table 4.6: Physiological variables recorded during cognitive function assessment, averaged over the first minute (start), last minute (finish) and entire
period (average), for the euhydration (0%), 3% and 5% dehydration trials in thermoneutral and hyperthermia conditions. Data are means with standard
errors of the means (N=8). Significant differences (P<0.05) are indicated by the symbols: (*) thermoneutral versus corresponding hyperthermia, (§)
euhydration versus corresponding 3% and 5% dehydration, (†) 3% versus corresponding 5% dehydration.
Thermoneutral
Variable

Mean core
temperature (oC)

Mean skin
temperature (oC)

Mean body
temperature (oC)

Hyperthermia

Time
0%

3%

5%

0%

3%

5%

Start

37.03 ±0.07

37.11 ±0.11

37.27 ±0.10

38.25 ±0.04*

38.30 ±0.07

38.36 ±0.07

Finish

36.91 ±0.07

37.00 ±0.13

37.11 ±0.11

38.47 ±0.11*

38.44 ±0.13

38.47 ±0.08

Average

36.96 ±0.07

37.04 ±0.12

37.17 ±0.11

38.48 ±0.09*

38.46 ±0.10*

38.46 ±0.09*

Start

32.94 ±0.19

32.48 ±0.22

32.68 ±0.17

37.55 ±0.20*

37.35 ±0.26

37.11 ±0.21

Finish

33.55 ±0.22

33.26 ±0.25

33.69 ±0.20

37.82 ±0.18*

37.36 ±0.30

37.46 ±0.21

Average

33.30 ±0.20

33.01 ±0.24

33.32 ±0.21

37.79 ±0.17*

37.44 ±0.29*

37.40 ±0.19*

Start

36.21 ±0.08

36.18 ±0.09

36.35 ±0.10

38.16 ±0.07*

38.18 ±0.08

38.19 ±0.09

Finish

36.34 ±0.09

36.25 ±0.10

36.43 ±0.13

38.38 ±0.12*

38.30 ±0.15

38.33 ±0.11

Average

36.23 ±0.09

36.23 ±0.09

36.40 ±0.12

38.38 ±0.10*

38.31 ±0.12*

38.31 ±0.11*
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Table 4.6: Continued.
Thermoneutral
Variable

0%
Body-mass
changes (%)
Heart rate
(beats@min-1)

Hyperthermia

Time
3%

5%

0%

3%

5%

Start

0.04 ±0.09

2.78

±0.05§

4.71 ±0.06§†

0.40

±0.15

2.82 ±0.29§

4.67 ±0.28§†

Finish

0.00 ±0.11

2.99

±0.06§

5.03 ±0.04§†

1.02

±0.25

3.66 ±0.19§

5.34 ±0.27§†

Average

0.02 ±0.08

2.88

±0.05§

4.87 ±0.05§†

0.71

±0.15

3.24 ±0.23§

5.00 ±0.26§†

Average

60 ±3

116 ±6*

121 ±7*

64 ±4
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67 ±4

112 ±4*

Thermal sensation and discomfort were significantly increased during the hyperthermia
relative to the corresponding thermoneutral trials (P<0.01), with subjects reporting to
feeling neutral (6.8-7.5) and comfortable (1.1-1.6) in the thermoneutral and hot (10.0-10.6)
and uncomfortable (2.8-3.4) in the hyperthermia conditions (Table 4.7), but no effects were
observed for hydration level (P>0.05; power >0.8), and there was no significant interaction
(P>0.05; power >0.8). In contrast, thirst sensation was influenced by hydration level
(P<0.01), with a significant difference between the subjective ratings of not thirsty (1.3-1.9)
in the euhydration compared to moderately thirsty (5.4-5.6) in the 5% dehydration trials
(Table 4.7), whilst no differences for temperature were present (P>0.05; power >0.8), nor
was there a significant interaction (P>0.05; power >0.8). However, the state of alertness of
these subjects was not affected by either temperature (P>0.05; power >0.8), or hydration
level (P>0.05; power >0.8), and there was no significant interaction present (P>0.05; power
>0.8). For mood states, there was only a significant difference present in factor two for
temperature (P<0.01), with subjects reporting on average to feeling more contend in the
thermoneutral (2.5) relative to hyperthermia trials (3.9) during 3% dehydration (Table 4.7),
though no effects for hydration level were observed (P>0.05; power >0.8), nor was there
a significant interaction (P>0.05; power >0.8). The other two factors (i.e. alertness and
calmness) were not influenced by either temperature (P>0.05 and power >0.8 for each
comparison), or hydration level (P>0.05 and power >0.8 for each comparison), and there
were no significant interactions (P>0.05 and power >0.8 for each comparison). Taken
together, it can be concluded that changes in temperature and hydration level induced
alterations in the psychophysical and mood status of these subjects, and the influences of
these alterations upon cognitive task performance and brain activity were explored under
these steady-state conditions.

4.3.6.1 Cognitive task performance
4.3.6.1.1 Preliminary analysis
As explained in Chapter Two (see Section 2.3.5.1.1 for full details), accuracy data from the
thermoneutral, euhydration condition was used to confirm that the task difficulty
manipulation was achieved for each performance task (Figure 2.14). In summary,
comparisons between cognitive domains were rendered valid, as accuracy of the easy
perceptual task was approximately equal to that of the working memory task (P>0.05).
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Table 4.7: Psychophysical indices (N=8) and factors for mood state (N=7) recorded at the start of cognitive function assessment for the euhydration
(0%), 3% and 5% dehydration trials in thermoneutral and hyperthermia conditions. Data are means with standard errors of the means. Significant
differences (P<0.05) are indicated by the symbols: (*) thermoneutral versus corresponding hyperthermia, (§) euhydration versus corresponding 5%
dehydration.
Thermoneutral

Hyperthermia

Variable
0%

3%

5%

Thermal sensation (1-13)

7.3 ±0.2

6.8 ±0.2

7.5 ±0.2

Thermal discomfort (1-5)

1.1 ±0.1

1.1 ±0.1

1.6 ±0.3

Thirst sensation (1-9)

1.3 ±0.2

3.0 ±0.7

Sleepiness sensation (1-9)

5.8 ±0.8

Factor one: alertness (0-10)

0%

3%

5%

10.6 ±0.3*

10.5 ±0.3*

2.8 ±0.3*

3.3 ±0.3*

3.4 ±0.3*

5.6 ±0.7§

1.9 ±0.3

4.9 ±0.6

5.4 ±0.8§

6.1 ±0.6

6.1 ±0.6

5.0 ±0.5

5.9 ±0.5

4.1 ±0.6

3.1 ±0.8

3.2 ±0.6

4.3 ±0.9

3.7 ±0.9

5.2 ±0.8

5.3 ±0.9

Factor two: contentedness (0-10)

2.3 ±0.7

2.5 ±0.6

2.9 ±0.7

2.7 ±0.8

3.9 ±0.7*

3.7 ±0.7

Factor three: calmness (0-10)

2.1 ±0.6

2.2 ±0.4

2.4 ±0.6

2.9 ±0.6

3.7 ±0.9

3.7 ±0.9

10.0 ±0.3*

Note: Numbers in parentheses represent the extremes on each psychophysical and mood scale.
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Furthermore, there was a significant difference between the easy and difficult perceptual
tasks (P<0.05), verifying that the difficulty manipulation within the visual perceptual
domain was successful. In addition, there were no indications of differences in accuracy for
the letter identification task as a result of the temperature (P>0.05) or dehydration
manipulation (P>0.05), nor was there a significant interaction present (P>0.05), indicating
that changes in cognitive performance occurred independent of variations in visual acuity.

4.3.6.1.2 Main analyses: thermal and dehydration affects upon cognitive domains
Comparisons between the easy perceptual and working memory tasks were made to
determine the affects of hyperthermia and dehydration on different cognitive domains (i.e.
task types). For accuracy, there were no main effects of task type (P>0.05), temperature
(P>0.05) or hydration level (P>0.05), and there were no significant interactions (P>0.05;
Figure 4.7A). These data imply that the total number of correct responses (i.e. hits and
correct rejections) was not influenced by the experimental manipulations, nor was it a
function of the cognitive domain tested.

However, for reaction time there was a main effect of temperature (P<0.05; Figure 4.7B),
with faster reactions observed in the hyperthermia relative to the thermoneutral conditions,
but not for task type (P>0.05) or hydration level (P>0.05), nor were there significant
interactions (P>0.05). Thus, reaction time improved as a result of the temperature
manipulation and no trade-off was evident between speed and accuracy within these data.

Performance accuracy data were then further analysed according to the signal detection
theory model. For the sensitivity index (i.e. discriminative ability) no main effects of task
type (P>0.05), temperature (P>0.05) or hydration level were observed (P>0.05), and there
were no significant interactions (P>0.05; Figure 4.8A). These results imply that subjects
were able to discriminate equally between the targets and distractors in these tasks under
these conditions.

However, for response bias (i.e. strategy selection) there was a main effect of task type
(P<0.05; Figure 4.8B), with a reduced response bias in the perceptual relative to working
memory task, and of temperature (P<0.05; Figure 4.8B), with a reduced response bias in
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Figure 4.7: Performance accuracy (A) and reaction time (B) recorded at rest during
euhydration (0%; open), 3% dehydration (cross-hatched) and 5% dehydration (horizontal)
in thermoneutral (white) and hyperthermia (grey) conditions for three cognitive
performance tasks: working memory, easy and difficult perceptual task. Thermal and
dehydration affects upon cognitive domains were evaluated from the working memory and
easy perceptual tasks, whilst affects upon task difficulty were explored from the easy and
difficult perceptual tasks. Data are means with standard error of the means. Significant
differences (P<0.05) are indicated by the symbols: (‡) easy versus difficult perceptual task,
(*) thermoneutral versus corresponding hyperthermia.
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Figure 4.8: Sensitivity (A) and response bias (B) recorded at rest during euhydration (0%;
open), 3% dehydration (cross-hatched) and 5% dehydration (horizontal) in thermoneutral
(white) and hyperthermia (grey) conditions for three cognitive performance tasks: working
memory, easy and difficult perceptual task. Thermal and dehydration affects upon cognitive
domains were evaluated from the working memory and easy perceptual tasks, whilst affects
upon task difficulty were explored from the easy and difficult perceptual tasks. Data are
means with standard error of the means. Significant differences (P<0.05) are indicated by
the symbols: (‡) easy versus difficult perceptual task, (#) easy perceptual versus working
memory task, (*) thermoneutral versus corresponding hyperthermia.
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the hyperthermia relative to thermoneutral conditions, but not of hydration level (P>0.05).

Furthermore, a significant interaction was observed between task type and temperature
(P<0.05), with a greater difference between thermal states in the perceptual compared to
working memory tasks. Thus, the selection of a response strategy was influenced by both
thermal state and the cognitive domains tested, with subjects responding more liberally (i.e.
respond more often) during hyperthermia, as well as in the perceptual task.

In summary, reaction time improved as a result of moderate hyperthermia without any
subsequent changes in accuracy within these data. This could be the result of a change in
the selection of a response strategy towards more liberal responding, although sensitivity
was ultimately not affected in the hyperthermia condition. In addition, the selection of a
response strategy changed as a function of the cognitive domain tested, resulting in a
significant interaction between these two factors. Nevertheless, no significant interactive
affects of hyperthermia and dehydration were present across these cognitive domains.

4.3.6.1.3 Main analyses: thermal and dehydration affects upon task difficulty
Comparisons between the easy and difficult perceptual tasks were made to evaluate the
influences of hyperthermia and dehydration on task difficulty. For accuracy, a main effect
of difficulty level was observed (P<0.05; Figure 4.7A), with a higher percentage accuracy
achieved during the easy relative to difficult perceptual tasks, but not of temperature
(P>0.05) or hydration level (P>0.05), nor were there significant interactions (P>0.05).
These data indicate that the total number of correct responses was affected by the difficulty
level of these tasks, with greater accuracy accomplished in the easy relative to the difficult
perceptual task, but not as a function of temperature or hydration level.

However, for reaction time there was a main effect of temperature (P<0.05; Figure 4.7B),
with faster responses observed in the hyperthermia relative to the thermoneutral conditions,
but not of difficulty level (P>0.05) or hydration level (P>0.05), and no significant
interactions were present (P<0.05). Thus, moderate hyperthermia resulted in improved
reaction times, without any subsequent changes in performance accuracy in these tasks.
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Further analyses of these accuracy data revealed for the sensitivity index a main effect of
difficulty level (P<0.05; Figure 4.8A), with higher values observed in the easy compared
to difficult perceptual task, but not of temperature (P>0.05) or hydration level (P>0.05),
and no significant interactions were present (P>0.05), meaning that subjects experienced
more difficulty in discriminating between stimuli in the difficult relative to the easy
perceptual task, but not as a function of temperature or dehydration.

For response bias, there was a main effect of temperature (P<0.05; Figure 4.8B), with
reduced response bias observed in the hyperthermia relative to thermoneutral conditions,
but not of difficulty level (P>0.05) or hydration level (P>0.05), nor were there significant
interactions present (P>0.05). Thus, moderate hyperthermia resulted in a change in the
selection of a response strategy during these tasks towards more liberal responding.

In summary, sensitivity was influenced by the task difficulty manipulation, with subjects
experiencing greater difficulty in discriminating between stimuli in the difficult relative to
the easy perceptual task. Moreover, reaction time improved as a result of moderate
hyperthermia, with no trade-off evident between speed and accuracy within these data. This
could be the result of a change in the selection of a response strategy observed in the
hyperthermia condition, with subjects responding more liberally. Nevertheless, no
interactions between temperature and dehydration were observed as a function of task
difficulty within the visual perceptual domain.

4.3.6.2 Brain electrical activity
Power spectra calculated from EEG recordings in the eyes-closed condition during
euhydration, 3% and 5% dehydration in both thermoneutral and hyperthermia conditions
are illustrated in Figure 4.9, displaying typical power-spectrum functions to that of the
literature (Barry et al., 2005; Curcio et al., 2005) at each of the electrode sites. Log
transformed mean data are displayed in Figure 4.10.

For the topographical distribution of the EEG, there was a main effect of the sagittal
dimension for beta power (P<0.05; Table 4.8), in which beta was lower in the occipital
relative to frontal and central-parietal regions, but this was not evident for alpha power
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Figure 4.9: Mean power spectra calculated from 2-min EEG recordings during euhydration
(0%; solid), 3% dehydration (dashed) and 5% dehydration (stippled) in thermoneutral
(grey) and hyperthermia (black) conditions. Date were recorded during seated rest in the
eyes-closed conditions at six electrode sites, including three sagittal (frontal: F3, F4;
central-parietal: CP3, CP4; occipital: O1, O2) and two lateral dimensions (left hemisphere:
F3, CP3, CP4; right hemisphere: F4, CP4, O2).
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Figure 4.10: Log transformed mean power spectra calculated from 2-min EEG recordings
during euhydration (0%; solid), 3% dehydration (dashed) and 5% dehydration (stippled) in
thermoneutral (grey) and hyperthermia (black) conditions. Date were recorded during
seated rest in the eyes-closed conditions at six electrode sites, including three sagittal
(frontal: F3, F4; central-parietal: CP3, CP4; occipital: O1, O2) and two lateral dimensions
(left hemisphere: F3, CP3, CP4; right hemisphere: F4, CP4, O2).
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Table 4.8: Mean absolute amplitudes of EEG spectra in the eyes-closed condition recorded at rest during euhydration (0%), 3% and 5% dehydration
in thermoneutral and hyperthermia conditions. Spectral bands were determined for alpha and beta for six electrode sites, including three sagittal
(frontal: F3, F4; central-parietal: CP3, CP4; occipital: O1, O2) and two lateral dimensions (left hemisphere: F3, CP3, CP4; right hemisphere: F4, CP4,
O2). Data are presented as means, standard errors of the means (SEM), medians and interquartile ranges (IQR).
Electrode

Experimental

sites

trial

Alpha power (ìV)
Mean

SEM

Median

Beta power (ìV)
IQR

Mean

SEM

Median

IQR

thermoneutral

1.81

0.28

1.71

0.63

0.62

0.07

0.54

0.15

hyperthermia

1.96

0.20

2.01

0.71

0.55

0.05

0.53

0.21

thermoneutral

1.55

0.17

1.56

0.80

0.57

0.06

0.52

0.18

hyperthermia

1.84

0.23

2.03

1.12

0.52

0.04

0.48

0.17

thermoneutral

1.61

0.23

1.59

0.90

0.64

0.05

0.64

0.14

hyperthermia

2.02

0.28

1.81

1.04

0.58

0.04

0.59

0.19

thermoneutral

2.21

0.37

1.93

1.74

0.87

0.21

0.54

0.55

hyperthermia

1.92

0.19

1.96

0.74

0.54

0.05

0.51

0.21

thermoneutral

1.66

0.17

1.64

0.82

0.62

0.07

0.57

0.17

hyperthermia

2.00

0.28

1.94

0.99

0.65

0.13

0.51

0.12

0%
Frontal
Left
(F3)

3%

5%

Frontal

0%

Right
(F4)

3%

Note: Interquartile range (IQR) was defined as the difference between the third and the first quartiles.
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Table 4.8: Continued.
Electrode

Experimental

sites

trial

Frontal
Right (F4)

Alpha power (ìV)
Mean

SEM

Median

Beta power (ìV)
IQR

Mean

SEM

Median

IQR

thermoneutral

1.69

0.21

1.65

0.86

0.66

0.06

0.61

0.12

hyperthermia

1.92

0.25

1.77

0.83

0.71

0.13

0.59

0.28

thermoneutral

2.01

0.28

1.88

1.04

0.53

0.06

0.48

0.09

hyperthermia

1.80

0.20

1.66

0.89

0.46

0.04

0.41

0.18

thermoneutral

1.78

0.23

1.76

1.05

0.52

0.05

0.49

0.14

hyperthermia

1.97

0.26

1.84

1.09

0.48

0.03

0.46

0.11

thermoneutral

1.99

0.31

1.83

0.90

0.58

0.05

0.57

0.20

hyperthermia

2.05

0.23

2.05

0.87

0.52

0.05

0.49

0.21

thermoneutral

2.41

0.41

2.17

2.04

0.58

0.06

0.52

0.18

hyperthermia

2.56

0.31

1.98

1.47

0.48

0.04

0.48

0.17

thermoneutral

2.56

0.36

2.07

1.50

0.67

0.15

0.50

0.17

hyperthermia

2.54

0.35

2.38

1.28

0.54

0.03

0.56

0.09

thermoneutral

2.46

0.39

2.22

1.59

0.72

0.15

0.62

0.19

hyperthermia

2.27

0.27

2.51

0.97

0.53

0.03

0.53

0.09

5%

0%
Centralparietal
Left

3%

CP(3)
5%

0%
Centralparietal
Right

3%

(CP4)
5%
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Table 4.8: Continued.
Electrode

Experimental

sites

trial

Alpha power (ìV)
Mean

SEM

Median

Beta power (ìV)
IQR

Mean

SEM

Median

IQR

thermoneutral

1.81

0.37

1.51

1.39

0.52

0.06

0.49

0.12

hyperthermia

1.19

0.15

1.16

0.61

0.33

0.02

0.34

0.06

thermoneutral

1.80

0.38

1.45

1.31

0.50

0.05

0.50

0.26

hyperthermia

1.47

0.24

1.21

0.74

0.40

0.04

0.40

0.08

thermoneutral

1.75

0.30

1.39

1.34

0.51

0.05

0.54

0.21

hyperthermia

1.49

0.23

1.37

0.53

0.39

0.04

0.34

0.14

thermoneutral

1.63

0.32

1.28

1.01

0.51

0.06

0.44

0.24

hyperthermia

1.25

0.18

1.11

0.46

0.32

0.03

0.33

0.11

thermoneutral

1.64

0.34

1.37

0.97

0.47

0.06

0.47

0.25

hyperthermia

1.49

0.18

1.34

0.81

0.40

0.04

0.41

0.12

thermoneutral

1.56

0.28

1.39

1.23

0.45

0.05

0.46

0.16

hyperthermia

1.83

0.30

1.56

0.84

0.45

0.03

0.46

0.15

0%
Occipital
Left
(O1)

3%

5%

0%
Occipital
Right

3%

(O2)
5%
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(P>0.05). In the lateral dimension, main effects for alpha and beta power were observed
(P<0.05 for each comparison; Table 4.8), with greater amplitudes in the right compared to
the left hemisphere. Furthermore, there were significant interactions present between the
sagittal and lateral dimensions for both alpha (P<0.05) and beta power (P<0.05), with a
greater difference between left and right hemisphere in the central-parietal relative to
occipital area.

Moreover, a main effect of temperature was present in beta power (P<0.05; Table 4.8), with
lower amplitudes observed in the hyperthermia compared to the thermoneutral condition,
but this was not evident for alpha power (P>0.05). However, no main effects of hydration
were present in either alpha (P>0.05) or beta power (P>0.05; Table 4.8). Thus, a global
change in beta power was observed as a result of moderate hyperthermia, whilst
dehydration did not affect alpha or beta power during these trials.

Furthermore, for alpha and beta power significant interactions were present between
temperature and the sagittal and lateral dimensions (P<0.05), with a greater difference
between the difference of the thermoneutral and hyperthermia trials at the left and right
hemisphere in the occipital compared to central-parietal region. Further analyses revealed
a right hemispheric, central-parietal dominance during moderate hyperthermia in both
power bands. Thus, changes in the topographical distribution of alpha and beta power were
observed as a result of moderate hyperthermia.

In summary, moderate hyperthermia resulted in global changes in brain activity, although
limited to beta power, whilst no changes in either alpha or beta power were observed as
a result of 3% to 5% dehydration. In addition, interactions between temperature and
topographical dimensions were present for both alpha and beta power, indicating an
increase in power over right central-parietal cortical regions during moderate hyperthermia.
However, since no interactions between temperature and hydration level were present for
either alpha or beta power, these data imply that these spectral bands were not adversely
affected by the combination of these states.
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4.4 DISCUSSION
4.4.1 Physiological regulation during passive hyperthermia and dehydration
The principal aim of this study was to investigate the combined influences of hyperthermia
and dehydration upon physiological regulation in resting individuals. In particular, the
regulation of body temperature and body-fluids during these combined states, and their
potentially interactive affects upon blood pressure regulation were of interest. Rigidly
controlled experimental conditions were employed to ensure that it was the thermal- and
dehydration-induced strain per se that affected physiological function. Firstly, the preexperimental physiological status of subjects was standardised across trials (Table 4.2) to
minimise inter-individual variability in physiological function prior to the commencement
of each experimental trial. Secondly, a passive thermal dehydration protocol was employed
to achieve three hydration levels (euhydration, 3% dehydration, 5% dehydration; Table 4.3),
and these target states were then clamped for the duration of each trial using controlled
isotonic-fluid administration. Finally, whole-body thermal clamping was used to achieve
and sustain two, steady-state mean body temperatures (thermoneutral, moderate
hyperthermia) at each of three hydration levels (Table 4.4). Since subjects commenced each
trial in a similar physiological state and the required experimental manipulations were
achieved (see Sections 4.3.2 and 4.3.3), it can be assumed that changes observed in
physiological regulation were highly probable to have resulted from alterations in thermal
and hydration state alone.

4.4.1.1 Blood pressure regulation
Since both the body temperature and body-fluid regulatory systems were controlled in the
current study, the main focus was to find out whether blood pressure regulation would be
compromised as a result of the combined influences of hyperthermia and dehydration. Both
hyperthermia and dehydration independently increased cardiovascular strain during these
trials, with moderate hyperthermia elevating vascular conductance (Figure 4.3) and heart
rate (Figure 4.4), and 5% dehydration reducing systolic and mean arterial pressures (Figure
4.5). However, no interactive affects between temperature and hydration level were
observed under these resting conditions for the cardiovascular measures assessed in this
study. Therefore, the hypothesis that predicted these two states would combine to elevate
cardiovascular strain relative to the thermoneutral, euhydrated state, as evidenced by
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elevations in skin blood flow and heart rate, but mean arterial pressure would be regulated
at control levels during resting conditions, was rejected.

Although the combined influences of moderate hyperthermia and 3% to 5% dehydration
have not previously been investigated at rest using rigidly controlled experimental
conditions, others (Horstman and Horvath, 1972; Kenny et al., 1990; Fan et al., 2008) have
reported cardiovascular responses at rest after these states were induced. Overall, greater
cardiovascular strain was reported when subjects were passively heated to mild (Kenny et
al., 1990; Fan et al., 2008), moderate (Horstman and Horvath, 1972; Fan et al., 2008) and
profound (Fan et al., 2008) levels of thermal strain, while dehydrated (1.2-3.6% body-mass
loss) either prior to (Kenny et al., 1990; Fan et al., 2008) or during the heating procedure
(Horstman and Horvath, 1972), but blood pressure regulation was not compromised under
these conditions. The current data support these previous findings, as no adverse differences
were observed in cardiovascular function (i.e. heart rate, vascular conductance, mean
arterial pressure) as a result of the combination of hyperthermia and dehydration in the
present experiment. Moreover, these results can now be extended to a higher level of
dehydration (i.e. 5% body-mass loss).

Blood pressure regulation is crucial for human life, as without an adequate pressure
gradient, blood flow cannot occur, and without blood flow to deliver essential molecules
and to remove waste products, cells will die (Cowley, 1992). Arterial pressure is created
by the cardiac pump and is influenced by downstream flow resistance within the vascular
system (Dampney et al., 2002). Heart rate and stroke volume are controlled, as well as
vasomotor and venomotor tone (i.e. peripheral resistance; Figure 1.1). Subtle combinations
of neural and humoral stimulation control these effectors so that mean arterial pressure can
be regulated within the physiological range necessary for adequate tissue perfusion
(Cowley, 1992). The primary sensors for this system are baroreceptors (i.e.
mechanoreceptors; Gauer and Henry, 1963), located at strategic locations in the body like
the aortic arch and carotid sinuses of the left and right internal carotid arteries (i.e. highpressure receptors; Guyton, 1991), and in large systemic veins, pulmonary vessels and in
the walls of the right atrium and ventricles of the heart (i.e. low-pressure receptors;
Thrasher, 1994). When there is a change in mean arterial pressure, deformation of these
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mechanoreceptors results in afferent feedback being sent to the nucleus tractus solitarius
in the medulla oblongata (Andresen and Kunze, 1994), and cardiac output (i.e. the product
of heart rate and stroke volume) and peripheral resistance are modified to return the
pressure to a normal level (baroreflex).

The efferent pathways of the baroreflex include autonomic nervous system responses
(Pilowski and Goodchild, 2002), with the heart, arteries, veins and the adrenal medulla
being the principal neural effectors (Guyenet, 2006). When baroreceptors detect changes
in mean arterial pressure due to elevated physiological strain (e.g. hyperthermia,
dehydration), sympathetic activation results in chronotropic and inotropic affects on the
heart, constriction of most blood vessels and stimulation of the adrenal medulla to release
adrenalin (Guyton, 1991), which further enhances mean arterial pressure regulation due to
its local affects on the heart and blood vessels. Thus, this short-term reflex mechanisms is
designed to rapidly (within seconds) compensate for disturbances in mean arterial pressure
(Dampney et al., 2002). In addition to these neural mechanisms, humoral mechanisms (i.e.
antidiuretic hormone, renin-angiotensin-aldosterone system, atrial natriuretic peptide)
contribute to the long-term regulation of mean arterial pressure, in which the body-fluid
regulatory system plays a primary role (see Section 4.4.1.2).

Since no adverse affects upon cardiovascular function were observed in the present
experiments, it can be assumed that these neural (and possibly humoral) mechanisms were
sufficient to effectively regulate mean arterial pressure in these hyperthermic and
dehydrated individuals. Thus, although both hyperthermia and dehydration independently
elevated cardiovascular strain, the combination of these states did not result in additive
affects upon the blood pressure regulatory system, at least not in these resting conditions.
Whether these results are also applicable to exercising individuals is currently unclear.
Physical exercise is a potent cardiovascular stimulus, as exercising muscles require
adequate blood flow for oxygen delivery and metabolic waste removal, while blood flow
to the skin also needs to increase to facilitate (endogenous) heat dissipation. Thus,
competition between the central and peripheral circulation for a limited blood volume may
occur under these conditions (Nadel et al., 1980; Rowell, 1974, 1986), particularly during
dehydration. Accordingly, the influence of dehydration upon blood pressure homeostasis
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during exercise will be evaluated in study four (Chapter Five).

4.4.1.2 Body-fluid regulation
Although hydration and thermal states were tightly controlled during these experiments,
both hyperthermia and dehydration can independently modify the volume of the
intravascular space, either via blood displacement or whole-body fluid loss, and thereby
modulate body-fluid homeostasis, which was also evaluated in the present study. Indeed,
skin blood flow (i.e. forearm and cutaneous vascular conductance; Figure 4.3) and thermal
sweating (i.e. whole-body and forehead) were significantly elevated during moderate
hyperthermia, though no dehydration-induced influences were observed. Furthermore,
hyperthermia and dehydration both independently reduced plasma volume (Figure 4.6), but
osmolality only increased as a result of dehydration (Table 4.3). Nevertheless, no interactive
influences between temperature and hydration level were observed for these measures of
body-fluid homeostasis during these resting conditions.

During elevated thermal strain, both vasomotor and sudomotor responses are initiated to
defend a progressive rise in body temperature. These thermoeffector responses and their
mechanisms were discussed previously in relation to the independent influence of
hyperthermia upon physiological regulation (see Chapter Two). In summary, elevations in
skin blood flow represent the first response for heat dissipation (Mekjavic and Eiken,
2006), but eccrine sweat glands are activated once this vasomotor capacity is nearly
exceeded (Roberts et al., 1977; Fortney et al., 1984) to further enhance heat loss at the skin
surface. Unlike vasomotor function, which exerts its greatest influence upon skin blood
flow through a noradrenergic-mediated pathway (Charkoudian, 2003), sudomotor function
is controlled primarily by the cholinergic pathway of the sympathetic nervous system
(Kimura et al., 2007; Machada-Moreira et al., 2012). The thermal strain imposed during
the current experiments induced significant vasomotor and sudomotor responses in these
subjects, with forearm vascular conductance increasing about 4.5-fold (Figure 4.3) and
whole-body sweat rate about 10-fold relative to the thermoneutral condition when averaged
across hydration levels. In addition, no interactions between temperature and hydration
level were observed for either of these thermoeffector responses, indicating that these heat
loss mechanisms were not impeded during these combined states.
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According to previous investigations that were conducted to evaluate these thermoeffector
responses in hyperthermic and dehydrated individuals, skin blood flow (Fortney et al.,
1981a; Nadel et al., 1980) and thermal sweating (Senay, 1968; Sawka et al., 1985,1989;
Montain et al., 1995) are generally considered to be reduced at a given core temperature
under these conditions. The physiological mechanisms mediating these changes are not
clearly defined, but it has been suggested that plasma hypovolaemia (Fortney et al., 1981b;
Nose et al., 1990) and hypertonicity (Harrison et al., 1978; Fortney et al., 1984), either
independently or combined, may influence these thermoeffector responses, thereby
reducing the potential for dry and evaporative heat loss. Consequently, heat storage is
increased during these combined states, resulting in an elevation in body temperature,
which has repeatedly been shown to occur in proportion to the level of dehydration
(Greenleaf and Castle, 1971; Gisolfi and Copping, 1974; Sawka et al., 1985). However,
since thermal state was clamped in the current experiment (Table 4.4), no such progressive
increases in body temperature as a result of hyperthermia and dehydration were present, and
since these thermoeffector responses are primarily dependent upon changes in body
temperature, both skin blood flow and sweating were not adversely affected during these
trials.

Nevertheless, given that both of these thermoeffector responses independently modified the
plasma space, either via blood displacement or whole-body fluid loss, both vasomotor and
sudomotor activation participated in the regulation of plasma volume and osmolality during
these trials. The independent affects of hyperthermia and dehydration upon the volume and
content of the intravascular space have been well-established (Rowell, 1974; Morimoto,
1990), with each of these states generally resulting in reduced and concentrated plasma.
Indeed, these independent influences were demonstrated in two previous studies of this
project. In the first study (Chapter Two), moderate hyperthermia per se resulted in a
reduced, but diluted plasma (i.e. hypo-osmotic hypovolaemia), which was presumably
caused by a large redistribution of blood flow to the cutaneous circulation (Figure 2.11), as
well as a significant loss of electrolytes from the plasma due to a profound sweating
response (Table 2.5). In the second study (Chapter Three), it was demonstrated that thermal
dehydration per se decreased plasma volume and increased osmolality (Table 3.3), with this
hyperosmolality occurring in proportion to the level of dehydration, although plasma
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volume appeared to be defended during 5% dehydration.

However, it was unclear whether these states would exert additive affects upon plasma
volume and osmolality when combined, as competition between the central and peripheral
circulation for a limited blood volume may occur (Nadel et al., 1980; Rowell, 1974, 1986),
potentially disturbing body-fluid homeostasis. The present findings do not support this
concept as no significant interactions between temperature and hydration level were
observed for either plasma volume (Figure 4.6) or osmolality (Table 4.3). Thus, although
plasma volume and osmolality were modified as a result of moderate hyperthermia and 3%
to 5% dehydration, no further changes were observed when these two states were
combined, and both plasma volume and osmolality appear to have been well regulated in
these subjects under these experimental conditions.

The regulation of plasma volume and osmolality was discussed previously in relation to the
independent influence of dehydration upon physiological regulation (see Chapter Three),
but will be reviewed briefly to provide a complete overview. The kidneys play a prominent
role in the regulation of plasma volume and osmolality (Mack and Nadel, 1996) by
monitoring and adjusting the amount of total body-water content and solutes (i.e. sodium
and chloride) in the extracellular fluid. For instance, a reduction in plasma volume, such
as observed in the current study, can unload the high- and low-pressure baroreceptors,
resulting in activation of the sympathetic nervous system and posterior pituitary gland.
Sympathetic activation causes vasoconstriction of the afferent arterioles in the kidneys,
thereby decreasing renal blood flow and reducing glomerular filtration rate (DiBona, 2000).
The posterior pituitary increases antidiuretic hormone concentration (Baylis, 1983), which
increases water permeability at the distal tubules, cortical collecting duct and collecting
duct of the kidney (Morel and Ducet, 1986). Thus, both of these mechanisms eventually
promote water retention at the kidneys.

In addition, a reduction in plasma volume directly activates the renin-angiotensinaldosterone system (Mack and Nadel, 1996), which stimulates the release of aldosterone
from the glomerulosa cells in the adrenal cortex (Share and Claybaugh, 1972), which in
turn facilitates sodium reabsorption at the distal and collecting tubules of the kidneys
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(Morris, 1981), and subsequently promotes water retention. Finally, decreased activation
of the low-pressure baroreceptors in the atria inhibits the release of atrial natriuretic peptide
(Gutkowska et al., 1997), and even though the exact actions of atrial natriuretic peptide on
the kidneys are currently unknown, indirect inhibitory actions on all elements of the reninangiotensin-aldosterone systems have been reported (Cuneo et al., 1986), resulting in
diuresis and natriuresis. Overall, these neural and humoral effector pathways modulate renal
sodium and water excretion and correct disturbances in plasma volume and osmolality.
Moreover, since the regulation of plasma volume is part of the blood pressure regulatory
system (Figure 1.1), these humoral mechanisms also contribute to the long-term regulation
of blood pressure (see Section 4.4.1.1). Although no direct measures were performed to
evaluate the renal vascular and hormonal responses as a result of hyperthermia and
dehydration, it would be reasonable to suggest that a combination of these effector
responses was responsible for the regulation of body-fluid and blood pressure homeostasis
during these trials. Indeed, urine output and flow decreased respectively by 53% and 49%
as a result of moderate hyperthermia, while reductions of 84% and 91% were observed
during 3% dehydration, and of 91% and 95% during 5% dehydration (Table 4.5).

In summary, the combined influences of moderate hyperthermia and 3% to 5% dehydration
did not adversely affect physiological regulation during these experimental trials, as no
interactions between temperature and hydration level were observed for the main regulated
variables of the physiological systems governing blood pressure and body-fluid homeostasis
(i.e. mean arterial pressure, plasma volume and osmolality). Thus, these two states
combined did not exert any additive physiological affects, at least not during these resting
conditions.

4.4.2 Cognitive function during passive hyperthermia and dehydration
Another aspect of this study consisted of exploring the combined influences of
hyperthermia and dehydration upon cognitive function by assessing cognitive task
performance and brain electrical activity. To the best of my knowledge, this was the first
study to purposely explore the combined influences of hyperthermia and dehydration upon
these aspects of cognitive function employing rigidly-controlled experimental conditions.
Each of three target hydration levels (euhydration, 3% dehydration, 5% dehydration) was
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achieved, and then clamped throughout the entire cognitive challenge and the recording of
resting EEG (Table 4.6). Furthermore, both thermal states (thermoneutral, moderate
hyperthermia) were clamped at each of these hydration levels, whilst cognitive function was
assessed (Table 4.6). As a result of these experimental manipulations, thirst sensation was
increased during 5% dehydration, while cardiovascular strain and sensations of temperature,
discomfort and mood (i.e. discontentedness) were elevated during moderate hyperthermia
(Table 4.7). Accordingly, the influences of these alterations elicited by the dehydration and
temperature manipulations upon cognitive task performance and brain electrical activity
were explored during these controlled conditions.

4.4.2.1 Cognitive task performance
Two cognitive domains (i.e. visual perceptual and working memory) were investigated in
the current experiment, with a particular focus on controlling the difficulty levels of
performance tasks across and within these cognitive domains. The difficulty level of the
working memory and easy perceptual tasks were matched to render comparisons across
domains valid, while comparisons within the visual perceptual domain were made possible
by administering these tasks at two different levels of difficulty (easy and difficult). This
way, the combined influences of hyperthermia and dehydration upon cognitive task
performance (i.e. reaction time, sensitivity, response bias) could be evaluated as a function
of both cognitive domain, as well as task difficulty within the visual perceptual domain.
The main outcome of this research was that, independent of cognitive domain or task
difficulty, reaction time improved during moderate hyperthermia (Figure 4.7B) due to a
change in the selection of a response strategy towards more liberal responding (Figure
4.8A), though sensitivity remained unchanged under these conditions (Figure 4.8B).
Moreover, no changes as a result of dehydration were observed during these trials, and there
were no interactions present between temperature and hydration level. Accordingly, the
hypothesis that predicted that hyperthermia and dehydration combined would further impair
task performance relative to the thermoneutral, euhydrated state in both the working
memory and visual perceptual domains, when these tasks were matched for difficulty level,
was rejected. In addition, the hypothesis that predicted these combined influences would
further reduce visual perceptual performance in hyperthermic, dehydrated individuals as a
function of task difficulty, was also rejected. Thus, under these rigidly controlled
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experimental conditions, the combined influences of moderate hyperthermia and 3% to 5%
dehydration did not have any adverse consequences for sensitivity within the working
memory or visual perceptual domains, although reaction time and response bias were
affected by the temperature manipulation.

Faster reaction times have not previously been reported when subjects were exposed to the
combined affects of hyperthermia and dehydration, with others reporting either no changes
(Epstein et al., 1980; Bunnel and Horvath, 1989; Cian et al., 2001; McMorris et al., 2006;
Tomporowski et al., 2007; Ely et al., 2013) or a slowing in response time (Cian et al., 2001;
Lieberman et al., 2005; Baker et al., 2007). However, these results were consistent with
those described for study one of this project (Chapter Two), in which the influence of
hyperthermia per se upon cognitive performance was evaluated, with improved reaction
times observed as a result of moderate hyperthermia, independent of task difficulty or
cognitive domain (Figure 2.15B). Moreover, a similar reduction in response bias was
observed in both studies (Figures 2.16B and 4.8B), indicating that a more liberal response
strategy was selected during moderate hyperthermia, with and without dehydration. Thus,
subjects were more inclined to respond to a presented stimulus (target or distractor) when
hyperthermic, which may have resulted in the faster response speeds that were present in
these performance tasks. Nonetheless, sensitivity was ultimately not influenced by the
temperature and dehydration manipulations (Figure 4.8A), indicating that subjects were
equally efficient in discriminating between stimuli in both the working memory and visual
perceptual domains under these conditions.

In the present study, the more sensitive signal detection theory model was used to
disambiguate possible changes in sensitivity and response bias that can confound more
global measures of accuracy, thereby providing a better insight into the decision making
processes during these performance tasks. In a study conducted by Baker et al. (2007), this
model was also employed to examine vigilance-related attentional performance in male
basketball players, after a 3-h thermal exercise protocol (dehydration procedure), followed
by four, 15-min quarters of basketball drills. A visual continuous performance task was
administered before the dehydration procedure, immediately after this procedure, and 20
min after the last basketball drills, while players remained either euhydrated (0% body-mass
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loss) or dehydrated (1-4% body-mass loss), and while gastrointestinal temperature
progressively increased from 36.7oC before dehydration, to 38.0oC after dehydration,
upwards to 38.5oC after the last drills. An impairment in vigilance-related attentional
performance was reported when players were both hyperthermic and dehydrated, with a
significant reduction in sensitivity observed after the dehydration protocol, as well as after
the drills. These results indicate that players were less efficient at discriminating between
the presented stimuli in this task, though reaction time and the number of misses and false
alarms were not affected under these conditions. Furthermore, the dehydration
manipulation, independent of changes in thermal state, resulted in a decrease in sensitivity
and an increase in reaction time and number of misses. Thus, not only was it harder for
these players to discriminate between stimuli when dehydrated, a more conservative
approach of responding to these stimuli was employed, and more time was required for this
response.

These findings are in contrast with the current data, presumably due to differences in
experimental design. For instance, (thermal) exercise protocols were employed prior to each
cognitive assessment in the former study (Baker et al., 2007), whilst no exercise was
performed in the present experiment. Although the influence of exercise upon cognitive
performance is currently unknown (Tomporowski and Ellis, 1986; Brisswalter et al., 2002;
Tomporowski, 2003), it would be reasonable to suggest that the 3-h thermal exercise
protocol, used to induce dehydration up to 4% body-mass loss, as well as the 80-min period
of basketball drills, simulating a fast-paced basketball game, would both produce a greater
amount of physiological strain compared to the passively-induced dehydration and
hyperthermia conditions of the present study. This greater strain may have resulted in more
fatigue (Nybo and Secher, 2004; Nybo 2010), which consequently could have affected
attentional processes, and thereby impaired cognitive performance. Indeed, subjective
ratings of total body fatigue were significantly increased after the dehydration protocol and
during the drills in the basketball players, while no significant differences in the state of
alertness were observed in the current subjects.

Another major difference in experimental design between studies is the hyperthermia
treatment, which was intentionally applied in the present study using whole-body thermal
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clamping, but inadvertently induced by the exercise protocols in the study conducted by
Baker et al. (2007). Thus, cognitive performance was examined during steady-state
hyperthermia conditions in the current study, whereas body temperature was constantly
changing and tracking changes in metabolic heat production in the preceding study. Since
it has been suggested that cognitive processes may be affected differently during static or
dynamic physiological states (Hancock, 1986; Hancock and Vasmatzidis, 2003), this also
provides a possible explanation for the differences observed between studies.

In the previous studies of this project, in which the independent influences of hyperthermia
(Chapter Two) and dehydration (Chapter Three) were explored, results were discussed in
relation to the maximal adaptability model (Hancock and Vasmatzidis, 1998, 2003), which
postulates that physiological and psychological stresses compete for and eventually drain
attentional resources, resulting in decrements in performance. Since no changes in
sensitivity were observed in these studies as a result of either hyperthermia (Figure 2.16)
or dehydration (Figure 3.8), it was postulated that these stresses alone may have not been
severe enough to drain attentional resources. Though, cognitive reserves may have been
diminished under these conditions, and subjects may have not been able to cope with any
additional stress, such as these two states combined. The present data do not support this
concept, as hyperthermia and dehydration combined had no affect on sensitivity within the
working memory and visual perceptual domains (Figure 4.8). However, the possibility
exists that these subjects were able to cope with both of these stresses while performing
these cognitive tasks. In fact, the changes observed in the selection of a response strategy
during these trials could imply that these subjects may have utilised adaptive strategies (e.g.
changes in attentional focus) to maintain task performance.

4.4.2.2 Brain electrical activity
In addition to cognitive task performance, the combined influences of hyperthermia and
dehydration upon brain electrical activity were explored in the current study. Of particular
interest were potential global affects and changes in the topographical distribution of the
EEG power spectrum during these conditions. That is, the possibility was explored that
changes in the EEG could be related to relatively discrete changes in neuronal processing
(e.g. lateral, sagittal) compared to more general (global) changes in neural function under
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these conditions. Resting EEG was recorded during euhydration, 3% and 5% dehydration,
while mean body temperature was clamped at either a thermoneutral or hyperthermia level
(Table 4.6). Data were recorded over each hemisphere over each of three cortical regions
during eyes-closed conditions, with spectral analyses performed for alpha and beta power.
The key finding of this study was a reduction in beta power as a result of moderate
hyperthermia (Table 4.8). Furthermore, this elevated thermal state induced changes in the
topographical distribution of each of alpha and beta power during these trials. However,
no dehydration-induced influences were observed for either alpha or beta power, and no
significant interactions between temperature and hydration level were present (Table 4.8).
Consequently, these observations do not support the hypothesis that hyperthermia and
dehydration would combine to induce changes in the EEG power spectrum, resulting in a
further increase in alpha power and decrease in beta power relative to the thermoneutral,
euhydrated state.

This was the first study to examine the combined influences of hyperthermia and
dehydration upon brain electrical activity during resting conditions. Other investigators
have inadvertently induced both of these states during prolonged, exhaustive exercise in the
heat, and have reported reductions in beta power over the frontal cortex in endurancetrained males (Nielsen et al., 2001; Nybo and Nielsen, 2001), which were more recently
shown to also occur in sedentary women (Ftaiti et al., 2010). It was suggested that these
alterations in brain electrical activity reflect a decreased state of arousal, which may be
associated with the hyperthermia-induced development of fatigue during exercise in hot
environments. However, in parallel with previous findings (Chapter Two), the current data
indicate that it was not arousal per se, but rather a specific change to beta power that occurs
as a result of heat strain.

Moreover, these experiments were not optimally designed to evaluate the combined
influences of hyperthermia and dehydration, with various methodological issues identified
that could have confounded data interpretation. In particular, it was uncertain whether these
alterations in the EEG power spectrum were caused by changes in thermal and hydration
state alone, as exercise until volitional fatigue was performed in these preceding studies,
which could have influenced neuronal processes (Crabbe and Dishman, 2004). Since the
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present results from resting EEG recordings are consistent with the earlier observations
made during exercise (Nielsen et al., 2001; Nybo and Nielsen, 2001; Ftaiti et al., 2010), it
is unlikely that this exercise stimulus interfered with the changes observed in the EEG
power spectrum.

In addition, the topographical distribution of the EEG was not previously evaluated during
hyperthermia and dehydration. Since investigators were primarily interested in central
fatigue mechanisms, EEG data were only recorded from a limited number of electrodes,
which were mainly located over the left frontal cortex due to the involvement of this region
in motor function (Nielsen et al., 2001; Nybo and Nielsen, 2001; Ftaiti et al., 2010). Only
one study (Nybo and Nielsen, 2001) also positioned electrodes over other cortical regions
(i.e. central and occipital), which represented the motor areas of the leg and the visual
cortex. In this study, similar global reductions in beta power were observed in all three
cortical regions, but no analyses were performed to identify differences across the sagittal
dimension. Since it was unknown whether hyperthermia and dehydration would induce
changes within or across hemispheres, the current study was designed to explore changes
in the topographical distribution of the EEG in addition to global affects in alpha and beta
power. Interactions were present between temperature and the sagittal and lateral
dimensions for alpha and beta power, which indicated a right hemispheric, central-parietal
dominance during moderate hyperthermia in both power bands. Thus, the functional areas
of the cortex were affected differently during these trials, although changes in the
topographical distribution of the EEG power spectrum were restricted to the temperature
manipulation.

In summary, significant changes were observed in the aspects of cognitive function that
were assessed in this study. Although the combination of hyperthermia and dehydration
ultimately not affected sensitivity within the visual perceptual and working memory
domains, significant changes in the decision making process were observed as a result of
the temperature manipulation. Furthermore, power spectral analyses revealed a global
reduction in beta power, as well as changes in the topographical distribution of the EEG for
both alpha and beta power, but only as a result of moderate hyperthermia.
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4.5 CONCLUSIONS
In this study, rigidly controlled experimental conditions were employed to ensure that it was
the thermal- and dehydration-induced strain per se that affected physiological and cognitive
function. Accordingly, the regulation of body temperature and body fluids during these
combined states, and their potential additive affects upon blood pressure homeostasis and
cognitive function were investigated.

For the physiological regulatory aspect of this study, it was anticipated that hyperthermia
and dehydration would combine to further reduce plasma volume and increase osmolality
relative to the thermoneutral, euhydrated state. Independently, both of these states decreased
plasma volume, though osmolality only increased as a result of dehydration. Nevertheless,
no interactive influences between temperature and hydration level were observed for these
measures of body-fluid homeostasis during these resting conditions. Moreover, it was
hypothesised that the combination of these two states would elevate cardiovascular strain
relative to the thermoneutral, euhydrated state, but mean arterial pressure would be regulated
at control levels during resting conditions. Although both hyperthermia and dehydration
independently affected cardiovascular function, with increases in vascular conductance and
heart rate observed during moderate hyperthermia, and a reduction in systolic and mean
arterial pressure during 5% dehydration, there were no interactive affects present for these
cardiovascular measures, and the hypothesis was rejected. Overall, it can be concluded that
the combined influences of moderate hyperthermia and 3% to 5% dehydration did not exert
additive affects upon physiological regulation during these experimental trials, and healthy
subjects were able to cope well with these combined stresses under these resting condition.

In addition, the combined influences of hyperthermia and dehydration on task performance
and brain electrical activity were explored in the present study. For task performance, it was
hypothesised that hyperthermia and dehydration would combine to further impair task
performance (i.e. reaction time, sensitivity and response bias) in both the visual perceptual
and working memory domains, when both tasks were matched for difficulty level. Although
reaction time and response bias were affected during these trials, independent of cognitive
domain or task difficulty, these changes only occurred during moderate hyperthermia, and
no dehydration-induced influences were observed. Moreover, no interactive affects as a
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result of hyperthermia and dehydration were present in the current experiments, and the
hypothesis was rejected. In addition, the hypothesis that predicted the combination of these
two states would further reduce visual perceptual performance as a function of task
difficulty, was also rejected. Moreover, changes in electrical brain activity were also limited
to the hyperthermia condition, with a reduction in beta power as well as changes in the
topographical distribution of each of alpha and beta power observed during these trials.
Nevertheless, dehydration did not affect alpha and beta power under these conditions, and
no interactive influences were present in neither of these power bands. Therefore, the
hypothesis that predicted hyperthermia and dehydration would combine to further increase
in alpha power and decrease in beta power relative to the thermoneutral, euhydrated state,
when EEG was recorded over each hemisphere and across three cortical regions (i.e. frontal,
central-parietal and occipital) in the eyes-closed condition, was also rejected. Accordingly,
it was concluded that the combined influences of moderate hyperthermia and 3% to 5%
dehydration did not have adverse consequences for the aspects of cognitive function
assessed in the current study in healthy, resting individuals.
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CHAPTER FIVE: THE INFLUENCE OF EXERCISE UPON PHYSIOLOGICAL
REGULATION DURING 3% AND 5% DEHYDRATION

5.1 INTRODUCTION
To this point, the influences of thermal strain and dehydration upon physiological
regulation have only been evaluated in resting individuals, although both of these states are
often simultaneously elicited during physical exercise (i.e. dynamic, aerobic exercise).
Indeed, while performing exercise, metabolic heat is produced as a by-product of force
generation in exercising muscles (Saltin and Hermansen, 1966; González-Alonso et al.,
2000a), and this can increase heat storage, resulting in the activation of thermoeffector
responses (i.e. vasodilatation and sweating; Figure 1.1) to facilitate heat dissipation
(Werner, 1998). Protracted sweating, in the absence of matching fluid consumption, and
increased heat production, without sufficient heat loss, can eventually lead to a dehydrated
and hyperthermic state. Consequently, previous research has generally focussed on
evaluating the separate or combined influences of these states during exercise (Sawka et al.,
1979; Nadel et al., 1980; Sawka et al., 1985; González-Alonso et al., 1995, 1997; Montain
et al., 1998), with the exercise stimulus invariably providing another (internal) strain upon
the physiological regulatory systems governing temperature, body-fluid and blood pressure
regulation (Figure 1.1). However, due to the experimental design of these experiments, it
is currently unclear to what extend each of these three factors (i.e. hyperthermia,
dehydration and exercise) individually contributed to the modulations observed in these
regulatory systems. Indeed, the exercise stimulus itself may affect physiological regulation
independently of thermal or hydration status (Holmgren et al., 1960; Bleichert et al., 1973).
Therefore, the principal aim of the current study was to investigate the influence of exercise
per se upon physiological regulation. Furthermore, exercise was performed during 3% and
5% dehydration, to evaluate the consequence of superimposing additional exercise-induced
strain upon an already stressful dehydrated state, and to investigate their potentially
interactive affects upon physiological regulation. In addition, the experimental design of
this study provided an opportunity to assess the influence of dehydration upon physiological
regulation during exercise to volitional fatigue, and to examine its implications for maximal
exercise performance.
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5.1.1 Physiological regulation during exercise
The influence of physical exercise upon the temperature, body-fluid and blood pressure
regulatory systems has been well established. For instance, the regulation of body
temperature is affected during exercise as a result of increased metabolic activity produced
during skeletal muscle contraction (Saltin and Hermansen, 1966; González-Alonso et al.,
2000a), which increases endogenous heat production. Metabolic heat production increases
at the initiation of exercise, though the thermoeffector responses for heat dissipation (i.e.
vasodilatation and sweating) are only activated once their threshold temperatures are
achieved (Mekjavic and Eiken, 2006), which are usually 0.2-0.5oC above thermoneutral
values. Therefore, metabolic heat storage during exercise initially results in a rapid increase
in body temperature until the appropriate heat loss mechanisms are activated in an attempt
to balance this heat production (Nielsen, 1966), and allowing a steady-state body
temperature to be achieved. Thus, body temperature responses during exercise are largely
influenced by the metabolic rate (Nielsen, 1938; Nielsen and Nielsen, 1962; Lind, 1963;
Gonzalez et al., 1978).

Besides modulating thermoregulatory processes, this increased metabolic activity during
exercise also challenges the blood pressure regulatory system. Exercising muscles require
greater blood flow for adequate oxygen delivery and metabolic waste removal, which is
accomplished by peripheral vasodilatation in active skeletal muscles (Haddy et al., 1968;
Saltin et al., 1998; González-Alonso and Calbet, 2003). This reduction in muscular vascular
resistance during exercise is compensated by elevations in stroke volume and heart rate (i.e.
cardiac output; Åstrand et al., 1964; Haddy et al., 1968; Higginbotham et al., 1986), as well
as increases in vascular resistance to non-active tissues. Indeed, large reductions in renal
and splanchnic blood flows have been reported during exercise (Chapman et al., 1948;
Rowell et al., 1964; Bevegård and Shephard, 1967; Rowell, 1974), which occurred in
proportion to the relative exercise intensity. Accordingly, mean arterial pressure is generally
well regulated during exercise, though, like body temperature, this is at a higher level
relative to resting conditions due to a resetting of the baroreflex (DiCarlo and Bishop, 1992;
Norton et al., 1999; Raven et al., 2006).

Since all physiological regulatory systems are inter-related (Figure 1.1), the thermal and
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cardiovascular effector responses elicited during exercise also alter body-fluid homeostasis.
It has been generally accepted that haemoconcentration occurs during exercise (Saltin,
1964; Harrison et al., 1975; Greenleaf et al., 1979), resulting from a reduction in plasma
volume and elevation in plasma osmolality, and the magnitude of this response is
proportional to the relative exercise intensity (Kaltreider and Meneely, 1940; Senay et al.,
1980; Van Beamont et al., 1981). A number of mechanisms are thought to be responsible
for these changes in plasma volume and composition during exercise, either working
individually or collectively, and potentially resulting in a compound effect. Firstly, it has
been proposed that elevated capillary hydrostatic pressure, caused by increased arterial
pressure and muscle contraction on venules, facilitates the shift of fluids from the plasma
to the interstitial space (Greenleaf et al., 1979). Moreover, a redistribution of blood flow
occurs to the exercising skeletal muscles due to increased metabolic demand, as well to the
cutaneous circulation to enhance heat dissipation at the skin surface, which further
facilitates this process. That is, vasodilatation in the muscular and cutaneous vascular beds
increases capillary perfusion in these tissues, promoting increased filtration (Mellander,
1978). Secondly, osmotic gradients can influence plasma volumes shifts. Since exercising
muscles accrue metabolites (e.g. glycolytic intermediates and end products), the resulting
increase in tissue osmolality subsequently promotes the movement of plasma fluids into the
exercising muscles (Lundvall et al., 1972).

Overall, previous research has demonstrated that each of the temperature, blood pressure
and body-fluid regulatory systems are affected during physical exercise, thereby modifying
homeostasis. However, exercise is not the only stress upon these physiological regulatory
systems. Since exercise is accompanied by metabolic heat production, this elevation in
thermal state may in itself have an affect upon physiological function. Indeed, the
adaptations seen after physical training resemble those observed after heat adaptation
(Andres et al., 2000; Taylor 2014), such as changes in the threshold temperatures for
cutaneous vasodilatation and thermal sweating (Henane et al., 1977; Roberts et al., 1977).
Therefore, the primary aim of the current study was to investigate the influence of exercise
per se using a thermally controlled exercise condition (i.e. exercise without changes in
mean body temperature) to separate the affects of exercise from those of metabolic heat.
This procedure was first described in a study conducted by Hessemer and Brück (1983), in
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which the adaptive effects on thermoregulation in man were assessed. Endurance training
(five days) was performed under controlled environmental conditions that provided almost
complete compensation for the exercise-induced elevation in metabolic heat production.
This was accomplished by applying a light-intensity work load (~45-50% of predicted
maximal work rate), whilst gradually decreasing the environmental temperature from
temperate (28oC) to cold conditions (5oC), thereby manipulating mean skin temperature to
counteract the exercise-induced elevations in oesophageal and tympanic temperatures. As
a result, mean body temperature was maintained at a thermoneutral level (~36oC) for nearly
the entire exercise period (1 h). In a subsequent study (Hessemer et al., 1986), this
procedure was successfully employed once more to confirm the previous findings that
exercise alone provided an insufficient stimulus for effective heat adaptation.

To the best of my knowledge, no other researchers have utilised this or similar procedures,
in which body heat was removed at a rate that matched heat production during exercise.
Although various exercise protocols have been performed in temperate and cold
environments in the past (González-Alonso et al., 1997, 2000b; Kenefick et al., 2004;
Cheuvront et al., 2005), no attempts appear to have been made to maintain thermal state
at a thermoneutral level in these experiments. Thus, since exercise is accompanied by
metabolic heat production, and since thermally controlled exercise has only been utilised
as part of endurance training protocols in the past, the influence of exercise per se upon
physiological regulation is currently unexplored.

Therefore, the present study was designed to investigate these independent exercise-induced
affects by employing a thermally controlled exercise condition, during which mean body
temperature remained at a thermoneutral level (36oC; after Hessemer and Brück, 1983;
Hessemer et al., 1986), as well as a thermoneutral resting and a thermally uncontrolled
exercise condition (i.e. identical exercise stimulus, but mean body temperature tracked
changes in metabolic heat production), while hydration status was clamped at a euhydrated
level (0% body-mass loss). Exercise results in increased metabolic activity, which leads to
increased heat storage, elevated cardiovascular strain and haemoconcentration. However,
it was hypothesised that when exercise was performed without either an increase in body
temperature or dehydration (i.e. thermally controlled exercise), this elevation in body-fluid
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and cardiovascular strain would be less pronounced compared to exercise during which
body temperature was allowed to track changes in metabolic heat storage (i.e. thermally
uncontrolled exercise), resulting in a smaller reduction in plasma volume and smaller
elevations in osmolality, heart rate and mean arterial pressure.

5.1.2 The combined influences of exercise and dehydration upon physiological
regulation
The independent influence of dehydration upon physiological regulation has already been
described for resting individuals (Chapter Three). It was established that the dehydrationinduced changes to the body-fluid and blood pressure regulatory systems were well
tolerated during these resting, thermoneutral conditions. However, it is currently unclear
whether these physiological responses are also tolerated in thermoneutral, but exercising
individuals. Since thermal dehydration results in a proportional decline in plasma volume,
and since exercising skeletal muscles require large increases in blood flow to support their
metabolic demands, the combination of these two states may result in competition between
the central and peripheral circulation for a reduced blood volume (Nadel et al., 1980;
Rowell, 1974), which could eventually lead to disturbances in each of the physiological
regulatory systems (Figure 1.1), particularly blood pressure regulation.

Indeed, when submaximal exercise is performed in a dehydrated state, cardiovascular strain
is elevated. For example, more pronounced increases in heart rate and decreases in stroke
volume are generally observed during exercise in dehydrated compared to euhydrated
conditions (Saltin, 1964; Sproles et al., 1976; Allen et al., 1977; González-Alonso et al.,
1997, 2000b), and these changes have been reported to be proportional to the level of
dehydration (Montain and Coyle, 1992; González-Alonso et al., 2000b). The decreased
blood volume during dehydration is thought to be predominantly responsible for these
cardiovascular changes, as this reduction results in decreases in central venous pressure
(Morimoto, 1990) and cardiac filling (Nose et al., 1994), which in turn decreases stroke
volume and increases heart rate (Fortney et al., 1983; González-Alonso et al., 2000b).
Nonetheless, cardiac output is usually not adversely affected during exercise when
dehydrated (Saltin, 1964; Allen et al., 1977), and the regulation of mean arterial pressure
is not compromised under these conditions (Sproles et al., 1976; González-Alonso et al.,
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2000b).

However, these experiments were primarily designed to examine the impact of dehydration
upon cardiovascular responses during exercise, with an identical bout of exercise performed
in a euhydrated (control) and dehydrated state. Besides utilising various exercise protocols
and hydration levels, no attempts were made to control thermal state during rest and
exercise conditions in these investigations, which can make it difficult to separate the
affects of exercise and dehydration from those of (metabolic) heat. Accordingly, the current
study was designed to evaluate these combined influences using rigidly controlled
experimental conditions.

Dehydration induced by thermal sweating results in a reduction in plasma volume and
increase in plasma osmolality, and these body-fluid responses are exacerbated during
exercise due to a redistribution of blood flow to the exercising skeletal muscles, which
leads to elevations in thermal and cardiovascular strain. However, it was hypothesised that
when exercise was performed in a dehydrated state, but without an increase in body
temperature (i.e. thermally controlled exercise), these intravascular changes and ensuing
cardiovascular responses would be less pronounced compared to exercise during which
body temperature was allowed to track changes in metabolic heat storage (i.e. thermally
uncontrolled exercise), resulting in a smaller decline in plasma volume and smaller
increases in osmolality, heart rate and mean arterial pressure. To test this hypothesis,
subjects were gradually dehydrated using a passive thermal dehydration protocol to one of
three hydration levels: euhydration (control: 0% body-mass loss), 3% dehydration, 5%
dehydration. After the target hydration level was achieved, this state was maintained for the
duration of the experiment using controlled isotonic-fluid administration, with fluid intake
sufficiently replacing fluid loss. Moreover, thermal state was maintained at a steady-state,
thermoneutral level (mean body temperature: 36oC) during rest and submaximal exercise
(i.e. thermally controlled exercise). This way, afferent feedback from both the temperature
and body-fluid regulatory systems was controlled, and it can be assumed that it is the
exercise- and dehydration-induced strain per se, and not the transients, that influence
physiological function (Werner, 1998; Cotter and Taylor, 2005). In addition, an identical
bout of exercise was performed, but body temperature was allowed to track changes in
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metabolic heat storage (i.e. thermally uncontrolled exercise), to determine the physiological
responses induced by these submaximal exercise conditions under these conditions.

5.1.3 Maximal exercise performance during 3% and 5% dehydration
The influence of dehydration on exercise performance has been extensively investigated.
Although equivocal findings have been reported regarding the affect of dehydration on
muscle strength and anaerobic performance (Yoshida et al., 2002; Cheuvront et al., 2006;
Judelson et al., 2007), it is generally accepted that dehydration impairs aerobic performance
(Sawka, 1992; Sawka et al., 2001; Cheuvront et al., 2003, 2010; Murray, 2007). However,
the severity of this performance degradation is dependent upon a multitude of factors, such
as the exercise stimulus, dehydration level and environmental conditions. In temperate
conditions (20-25oC), very low levels of dehydration (<3% body-mass loss) do not
generally affect maximal exercise performance (Maughan et al., 1989; Robinson et al.,
1995; McConell et al., 1999; Bachle et al., 2001), as these conditions do not significantly
elevate physiological strain. However, impairments in exercise performance have been
reported at higher levels of dehydration (>3% body-mass loss) in temperate environments
(Buskirk et al., 1958; Caldwell et al., 1984; McConell et al., 1997; Cheuvront et al., 2005),
suggesting that dehydration-induced physiological strain requires to be more pronounced
to affect maximal performance under these conditions.

The physiological mechanisms responsible for this impairment in exercise performance
during dehydration have not been fully elucidated. Nevertheless, several potential factors
have been proposed that may induce premature fatigue during dehydration. For instance,
it was previously discussed that dehydration elevates cardiovascular strain during
submaximal exercise, with dehydration resulting in increases in heart rate and decreases in
stroke volume compared to euhydrated conditions (Saltin, 1964; Sproles et al., 1976; Allen
et al., 1977; González-Alonso et al., 1997, 2000b). Although these dehydration-induced
cardiovascular changes are not likely to adversely affect cardiac output (Saltin, 1964; Allen
et al., 1977) and mean arterial pressure (Sproles et al., 1976; González-Alonso et al.,
2000b) during submaximal exercise, a substantially greater muscle blood flow is required
for (near) maximal exercise to maintain adequate oxygen delivery and force production.
This further augments the reduction in central venous pressure and cardiac filling caused
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by a decreased plasma volume (Morimoto, 1990; Nose et al., 1994), and eventually results
in a decline in cardiac output (Sawka et al., 1979; González-Alonso et al., 1998), thereby
limiting exercise performance.

Furthermore, it is well established that body temperature responses during exercise are
increased in dehydrated relative to euhydrated conditions, and it has been repeatedly
reported that this response occurs in proportion with the level of dehydration (Greenleaf and
Castle, 1971; Gisolfi and Copping, 1974; Sawka et al., 1985). Since dehydration does not
generally affect metabolic rate (Saltin, 1964; Greenleaf and Castle, 1971; Sawka et al.,
1979), this elevated thermal response is the result of reductions in heat dissipation. Indeed,
both dry and evaporative heat loss mechanisms are adversely affected during dehydration,
as skin blood flow (Fortney et al., 1981a; Nadel et al., 1980) and sweating responses
(Senay, 1968; Sawka et al., 1985, 1989; Montain et al., 1995) have been shown to be
reduced for a given core temperature when dehydrated. These dehydration-induced
elevations in body temperature can subsequently impair exercise performance mainly due
to a further enhancement of cardiovascular strain. Although thermoeffector responses are
modulated during dehydration, this elevated thermal strain results in a redistribution of
blood flow to the cutaneous circulation (Kenefick et al., 2010), which is consequently
removed from the central circulation and not readily available for skeletal muscle perfusion.
Indeed, reductions in leg blood flow (i.e. femoral vein) have been reported in endurancetrained male cyclist, while performing submaximal exercise in a dehydrated and
hyperthermic state (González-Alonso et al., 1998, 1999), which are believed to largely
reflect reductions in active skeletal muscle blood flow. As a result of a reduced oxygen
delivery, muscle metabolism may eventually be compromised under these conditions
(Hargreaves et al., 1996), and thereby impair maximal exercise performance.

Although the exact physiological mechanisms responsible for the impairment in maximal
exercise performance during dehydration are currently unclear, the general consensus is that
both the temperature and blood pressure regulatory systems may play a prominent role in
dehydration-induced fatigue during maximal exercise (Sawka, 1992; Sawka et al., 2001;
Cheuvront et al., 2003, 2010; Murray, 2007). Therefore, thermal and cardiovascular
responses, in addition to body fluid responses, were evaluated while submaximal exercise
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(i.e. thermally uncontrolled exercise) was performed, immediately followed by maximal
exercise to volitional fatigue, during euhydration (0% body-mass loss), 3% and 5%
dehydration. Accordingly, the affect of dehydration upon these physiological functions
during exercise, and their implications for maximal exercise performance were investigated.
The anticipated outcome was that 3% to 5% dehydration would reduce time to volitional
fatigue and peak exercise intensity, and that this exercise impairment would occur in
proportion to the level of dehydration

5.2 METHODS
5.2.1 Subjects
Eight healthy, physically active males participated in this study. These individuals were the
same subjects used for studies one, two and three (Table 2.1), and were screened to exclude
those with low sweat rates, which would result in unacceptably lengthy dehydration times
(>3.5 h), and those at risk for sub-clinical renal disease (kidney function blood test),
cardiovascular strain, musculoskeletal injury or a previous history of hyperthermia. All
procedures were approved by the Human Research Ethics Committee (HE09/373),
University of Wollongong, and all subjects provided written, informed consent.

5.2.2 Experimental procedures
This study consisted of three trials, which differed only in the nature of the experimental
treatment (i.e. hydration state). Subjects were gradually dehydrated to one of three hydration
levels: euhydration (0%), 3% dehydration, 5% dehydration. Trials were conducted at the
same time of day and separated by at least seven days to avoid acclimation effects (Barnett
and Maughan, 1993). Trial sequences were fully balanced across subjects, except for the
first experimental trial, in which most subjects performed either the 5% dehydration (N=4)
or 3% dehydration (N=3) trial first, and only one subject completed the euhydration trial
first. This sequence was caused by the need to exclude subjects due to their low sweat rates
(see Section 3.2.2.2).

A schematic overview of the experimental procedures is displayed in Figure 5.1.
Dehydration was achieved using a passive thermal dehydration protocol (see Section
3.2.2.2). Subjects then performed four exercise conditions: rest, thermally controlled
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Figure 5.1: Schematic overview of the experimental procedures: exercise and dehydration.
The experimental procedures in this study were identical to those used in study two,
although with the addition of three exercise phases: thermally controlled exercise, thermally
uncontrolled exercise and maximal exercise. Dehydration to the target hydration state (0%,
3%, 5% body-mass loss) was achieved using a thermal dehydration protocol and this target
level was then clamped throughout each trial. Thermal state was maintained at a
thermoneutral level during rest and thermally controlled exercise, after which mean body
temperature (!b) was allowed to track changes in metabolic heat production.
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exercise, thermally uncontrolled exercise and maximal exercise. Thermally controlled
exercise was defined as exercise during which no changes in mean body temperature
occurred, whereas during thermally uncontrolled exercise body temperature was allowed
to track changes in metabolic heat production. In addition, exercise to volitional fatigue was
performed after the completion of the thermally uncontrolled exercise condition to
determine the affects of 3% and 5% dehydration on maximal exercise performance.

5.2.2.1 Experimental protocol
This study was performed as an extension of study two (Chapter Three), in which the
independent affect of dehydration was investigated in resting, thermoneutral individuals.
That is, after completing the rest condition, submaximal exercise (thermally controlled and
uncontrolled) and maximal exercise was performed, though the experimental treatments
and measurements remained identical to the procedures described in study two (Section
3.2.2.2). In summary, subjects arrived at the laboratory at 0700 h and euhydration status
was confirmed (urine specific gravity). Baseline data were recorded and a baseline blood
gas sample was collected after at least 20 min of seated rest in a temperate environment.
Starting body mass was recorded and subjects commenced the dehydration protocol, which
consisted of intermittent warm-water immersion (39-41oC), until the target hydration state
was achieved. This hydration level was then maintained throughout the rest of the trial
using controlled isotonic-fluid administration. Prior to preparation and instrumentation for
the experimental trial, subjects rested for at least 1 h, whilst controlled amounts of food and
fluids were administered. Subjects were then immersed (seated) in temperate water (3435oC) to establish a uniform thermoneutral state (mean body temperature of 36oC).
Immersion times were equal across all three trials. Once immersion was completed,
subjects were transferred into a climatic chamber (25oC, 50% relative humidity), where
body mass was recorded and a urine sample was obtained. As in study two, great care was
taken to control posture during each trial due to its influence on blood volume responses
(Harrison, 1985). Subjects were in an upright seated position during water immersion,
transfers (wheelchair) and during each exercise condition, except when body mass was
recorded and urine samples were collected.

Subjects were seated on a recumbent cycle ergometer (Excaliber Sport, Lode Cycle
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Ergometer, Lode B.V., Groningen, The Netherlands) and data collection commenced after
20 min of seated rest. The physiological measurements included: three core temperatures,
eight skin temperatures, heart rate, forearm blood flow, cutaneous blood flow, blood
pressure, four local sweat rates, three blood samples and five psychophysical indices. To
this point, the measurements and procedures described were identical to those of study two
(Chapter Three). After 30 min of seated rest, subjects commenced thermally controlled
exercise, which consisted of 20 min of recumbent cycling (40% predicted maximal work
rate) in a cool environment (15-20oC, 50% relative humidity), and physiological data were
collected between 10-20 min of exercise. Subjects then rested for 10 min in temperate
conditions (25oC, 50% relative humidity) and body mass was recorded, after which
thermally uncontrolled exercise commenced, consisting of 20 min of recumbent cycling
(40% predicted maximal work rate) in a temperate environment (25oC, 50% relative
humidity). Physiological data were again collected between 10-20 min of exercise.
Immediately following the thermally uncontrolled exercise condition (no rest), subjects
performed a slow ramp protocol (exercise intensity increased by 10 W@min-1) to volitional
fatigue, with data recorded continuously throughout this exercise condition (core
temperatures, skin temperatures, heart rate, local sweat rates) or immediately after cessation
of exercise (forearm blood flow, cutaneous blood flow, blood pressure, blood samples,
psychophysical indices). Times to volitional fatigue varied between trials from 8.1 to 20.1
min (average: 14.6 ±0.7 min). Trials were then terminated and supervised recovery
commenced. Final body mass was recorded and a final urine sample was obtained. Table
5.1 illustrates the experimental timeline for each of these trials.

5.2.2.2 Thermally controlled exercise
It is well known that physical training produces adaptations in temperature, cardiovascular
and body-fluid regulatory systems (Roberts et al., 1977; Convertino, 1991; Cornelissen and
Fagard, 2005). During physical training, however, exercise is not the only stress upon these
regulatory systems. Exercise is accompanied by metabolic heat production, which may in
itself have an affect on these systems. Indeed, the adaptations seen after physical training
resemble those observed after heat adaptation (Andres et al., 2000; Taylor, 2014).
Therefore, the aim of the present study was to examine the influence of exercise per se by
separating the affects of exercise from those of metabolic heat. Each experimental trial
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Table 5.1: Experimental timeline.
Time (min)

Activity summary

0

Subject arrival

0-2

Euhydration status check: urine specific gravity <1.021

2-30

Subject instrumentation
Baseline (1) data collection: heart rate, blood pressure,

30-35

core and skin temperatures, blood sample

38

Baseline body mass

39

Enter water immersion tank

40-2241

Dehydration protocol: intermittent warm-water immersion (39-41oC)

225

Exit water immersion tank

226

Body mass

Reset time:

Supervised rest and recovery:

0-120

food and isotonic drinks consumed

60

Urine sample

65-125

Subject preparation: instrumentation

125-130
Reset time:

Baseline (2) data collection: heart rate, blood pressure,
core and skin temperatures, psychophysical indices, blood sample
Pre-immersion body mass

0
3

Enter water immersion tank

5-332

Seated water immersion (34-35oC)

34

Exit water immersion tank

35

Enter climatic chamber: 25oC, 50% r.h.

36

Experimental body mass

1

Dehydration protocol times varied between subjects, averaging 185.0 min

(±5.1).
2

Immersion times varied between subjects from 20 to 46 min (average:
27.0 ±1.2min).
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37

Urine sample

39

Transfer to recumbent cycle ergometer

Reset time:

Seated rest (30 min): 25oC, 50% r.h. (temperate)

0-30
Data collection (10 min): heart rate, blood pressure,
20-30

core and skin temperatures,sweat rates, skin blood flow,
psychophysical indices, blood samples
Thermally controlled exercise (20 min): 15-20oC, 50% r.h. (cool)

30-50

40% predicted maximal work rate (wind speed: 4 m@s-1)
Data collection (10 min): heart rate, blood pressure,

40-50

core and skin temperatures, sweat rates, skin blood flow,
psychophysical indices, blood samples
Seated rest (10 min): 25oC, 50% r.h. (temperate)

50-60

Thermally uncontrolled exercise (20 min): 25oC, 50% r.h. (temperate)

60-80

40% predicted maximal work rate (wind speed: 4 m@s-1)
Data collection (10 min): heart rate, blood pressure,

70-80

core and skin temperatures, sweat rates, skin blood flow,
psychophysical indices, blood samples

80-953

Maximal exercise: 25oC, 50% r.h. (temperate)
intensity increments of 10 W@min-1 (wind speed: 4 m@s-1)
Data collection (continuously): core and skin temperatures,

94-95

heart rate, sweat rates
Data collection immediately following cessation of exercise:

95

skin blood flow, blood pressure, blood samples,
psychophysical indices

100

Terminate experiment: supervised recovery

101

Post-experimental body mass

102-105

Urine sample

3

Times to volitional fatigue varied between trials from 8.1 to 20.1 min
(average: 14.6 ±0.7 min).
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consisted of four exercise conditions: seated rest, thermally controlled exercise, thermally
uncontrolled exercise and maximal exercise. Thermally controlled exercise was defined as
exercise with no changes in mean body temperature, and this was achieved by removing
body heat at a rate that matched heat production (after: Hessemer and Brück, 1983;
Hessemer et al., 1986). This was accomplished by (i) decreasing the environmental
temperature from temperate (25oC, 50% relative humidity) to cool (15-20oC, 50% relative
humidity) conditions, (ii) applying a light-intensity cycling load (40% of their predicted
maximal work rate), and (iii) directing a controlled airflow (4 m@s-1) onto each subject.
During thermally uncontrolled exercise, subjects also performed cycling exercise (40% of
their predicted maximal work rate) but in a temperate environment (25oC, 50% relative
humidity; 4 m@s-1 wind speed), and mean body temperature was allowed to track changes
in metabolic heat production. Thus, the only difference between these two exercise
conditions was the change in environmental conditions, and, therefore, the change in body
heat storage during exercise. Furthermore, subjects performed maximal exercise until
volitional fatigue immediately after the thermally uncontrolled exercise condition. Maximal
exercise consisted of a slow ramp protocol, in which the exercise intensity was increased
by 1 Watt every 6 s (10 W@min-1) to avoid premature muscle fatigue. This additional
exercise condition was used to determine the affect of dehydration on maximal exercise
performance.

5.2.2.2 Experimental standardisation
The experimental standardisation for these trials was identical to study one, two and three
(see Section 2.2.2.3 for full details). In summary, diet and fluid intake were controlled to
ensure adequate hydration states and nutritional levels three days prior to each trial, and
physical exercise was limited for the 12-h period before each trial. Upon arrival at the
laboratory, euhydration status was confirmed, and if not within the lower half of the
adequately hydrated range (urine specific gravity <1.021; Armstrong et al., 1994), subjects
were not permitted to commence the experiment (N=2), and were tested on another day.

5.2.2.3 Familiarisation session
Each subject required at least one familiarisation session, and this was conducted at least
four days before the first experimental trial (see Section 2.2.4 for full details), although
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some subjects required an additional familiarisation session to establish their sweating
response for the dehydration protocol (see Section 3.2.2.4 for full details). In addition,
subjects performed a submaximal exercise test on a recumbent cycle ergometer to
determine maximal predicted work rate. This protocol consisted of four 3-min stages of
continuous exercise, starting at 25 Watts in the first stage and then increasing this intensity
to either 100 Watts (N=1) or 125 Watts (N=7) in the second stage, which was dependent
on the corresponding heart rate response (i.e. heart rate <80 beats@min-1 increase to 125
Watts; heart rate of 80-90 beats@min-1 increase to 100 Watts). Thereafter, the intensity was
increased by 25 Watts each stage, as this test was designed to raise the steady-state heart
rate of the subject between 110 beats@min-1 and 70% of the age-predicted maximal heart rate
(220-age) for at least two consecutive stages. The heart rate measured during the last minute
of each steady-state stage was plotted against work rate, from which the intercept and slope
were calculated and used to determine maximal predicted work rate for each individual.

5.2.3 Measurements
The physiological measurements recorded and samples collected during these trials (Table
5.1) were identical to study one (Section 2.2.3), two (Section 3.2.3) and three (Section
4.2.3), and allowed for the assessment of hydration state, thermal state, cardiovascular
function and body-fluid regulation. These measurements are described in detail in Sections
noted above, and are summarised below for convenience. In contrast to the previous three
studies, cognitive function was not evaluated in the current study, except for psychophysical
indices. In addition, maximal exercise performance was determined.

5.2.3.1 Hydration state
5.2.3.1.1 Body mass
The water deficit level of each subject was tracked throughout each trial from changes in
semi-nude body mass, relative to the baseline body mass, which itself was the average of
three consecutive daily measurements obtained on the three morning preceding each trial.
Body mass was recorded at arrival, intermittently during the dehydration protocol and
recovery period, pre-immersion, post-immersion, during resting periods and after the
experimental trial. For more details, please see Section 2.2.3.1.1.
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5.2.3.1.2 Serum osmolality
Serum osmolality was analysed using freezing-point osmometry. Venous blood samples
were collected into serum vacutainers during the four sampling periods: seated rest,
thermally controlled exercise, thermally uncontrolled exercise and immediately after the
cessation of maximal exercise. After blood had clotted (~30 min), samples were centrifuged
and serum was extracted and stored at -80oC for later analysis (see Section 2.2.3.1.2).

5.2.3.1.3 Urinary indices
Mid-stream (spot) urine specimens were collected upon arrival and before and after each
experimental trial in sterile urine containers. Fresh specimens were used to measure urine
specific gravity. Samples were then transferred into Eppendorf tubes and stored at -80oC
for subsequent measurement of urine osmolality using the freezing-point depression
technique as described in Section 2.2.3.1.2.

5.2.3.2 Thermal state
5.2.3.2.1 Core temperature
Core temperature was derived as the mean of three sites: oesophagus, auditory canal and
rectum. Core temperature data was continuously monitored throughout each trial, and
recorded at 15-sec intervals using a portable data logger, and subsequently downloaded to
a computer for analysis. Please see Section 2.2.3.2.1 for full details.

5.2.3.2.2 Skin temperature
Skin temperatures were monitored at 15-sec intervals from thermistors located at eight sites
(forehead, right scapula, right upper chest, left arm, right forearm, right hand, right anterior
thigh, left calf). Measurements were recorded using a data logger and later downloaded to
a computer. These measurements were used to determine mean skin temperature according
to Equation 2.3 in Section 2.2.3.2.2.

5.2.3.2.3 Mean body temperature
Mean body temperature was calculated from mean core and skin temperature according to
Equation 2.4 in Section 2.2.3.2.3.
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All thermistors, including oesophageal, auditory canal, rectal and skin, were calibrated in
a stirred water bath against a calibrated referenced mercury thermometer. The procedure
was described in Section 2.2.3.2.3. Linear analysis was performed on collected data and a
calibration equation established for each thermistor. Using the coefficients of the linear
equations, thermistor output data were converted to the corrected temperatures.

5.2.3.2.4 Sweat rate
Total-body sweat loss was estimated from body-mass changes corrected for fluid intake and
urine production, but not for possible metabolic or respiratory losses. Measures were
recorded at arrival, intermittently during the dehydration protocol and recovery period, preimmersion, post-immersion, within resting periods and after the experimental trial.

Local sweat rates were measured from four sites (forehead, left scapula, left chest, left
forearm) in the climatic chamber using capacity hygrometry (see Section 2.2.3.2.4 for full
details) during four collection periods: seated rest, thermally controlled exercise, thermally
uncontrolled exercise and maximal exercise. Outside the climatic chamber, all capsules
were ventilated using a portable air pump. Inside the chamber, capsules were connected to
the system and sweat rate was recorded at 1-sec intervals and saved on a computer.

5.2.3.3 Cardiovascular function
5.2.3.3.1 Heart rate
Heart rate was monitored continuously from ventricular depolarisation at 15-s intervals and
subsequently downloaded to computer for storage.

5.2.3.3.2 Blood pressure
Brachial systolic and diastolic blood pressures were measured using an automatic digital
monitor at arrival and baseline, as well as during seated rest, thermally controlled exercise,
thermally uncontrolled exercise and immediately after the cessation of maximal exercise.
Mean arterial pressure was calculated as one-third systolic pressure added to two-thirds
diastolic pressure.
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5.2.3.3.3 Forearm blood flow
Forearm blood flow data were measured using venous-occlusion plethysmography (see
Section 2.2.3.3.3 for more details). Forearm blood flow data were collected for 2 min
during four collection periods: seated rest, thermally controlled exercise, thermally
uncontrolled exercise and immediately after the cessation of maximal exercise. Analog
output from the plethysmograph system, sampled at 20 Hz, was passed, via an eight
channel, 12-bit analog-to-digital converter to a computer for storage. Blood flow was
calculated (Equation 2.7 in Section 2.2.3.3.3) and normalised to changes in blood pressure
and expressed in conductance units.

5.2.3.3.4 Cutaneous blood flow
Data for cutaneous blood flow were collected (20 Hz) simultaneously with forearm blood
flow using laser-Doppler velocimetry (see Section 2.2.3.3.4 for full details). Prior to each
test, the integrity of the fibre optic probe and the electrical zero of the system were checked.
Analog output was passed, via an eight channel, 12-bit analog-to-digital converter to a
computer for storage. Cutaneous blood flow was normalised to changes in blood pressure,
with cutaneous vascular conductance presented in non-dimensional units (linear scale).

5.2.3.4 Body-fluid regulation
5.2.3.4.1 Plasma volume
Plasma volume was determined indirectly from haematocrit and haemoglobin concentration
measurements (Straus et al., 1951; Dill and Costill, 1974). Venous samples were collected
into blood gas tubes at arrival and baseline, as well as during four sampling periods: seated
rest, thermally controlled exercise, thermally uncontrolled exercise and immediately after
the cessation of maximal exercise. Samples were analysed immediately using a portable
blood gas analyser. Volumes were calculated using the percent changes in plasma volume
as derived from changes in haematocrit and haemoglobin concentration (Equation 2.8 in
Section 2.2.3.4.1). The percent change was then transformed to an absolute plasma volume
by using a prediction equation for baseline measurement of plasma volume (Equation 2.9
in Section 2.2.3.4.1).
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5.2.3.4.2 Renal function
Renal function was assessed by determining urine output and urine flow. All urine
specimens used for analysis were midstream samples, but total urine volume was also
collected to measure total urine output (L) and calculate urine flow (mL@min-1).

5.2.3.4.3 Electrolyte concentrations
Electrolyte concentrations (sodium, potassium and chloride) were measured in whole-blood
and plasma using a blood gas analyser (see Section 2.2.3.4.4 for full details). Whole-blood
was collected into a blood gas tube at arrival and baseline, as well as during four sampling
periods: seated rest, thermally controlled exercise, thermally uncontrolled exercise and
immediately after the cessation of maximal exercise. Plasma was extracted from another
blood sample collected simultaneously into a lithium-heparin tube. In addition, the plasma
content of these electrolytes was calculated by multiplying these concentrations by the
absolute plasma volumes.

5.2.3.5 Psychophysical indices
Subjective ratings of thermal sensation, thermal discomfort, thirst sensation and sleepiness
were recorded at baseline and during four collection periods: seated rest, thermally
controlled exercise, thermally uncontrolled exercise and immediately after the cessation of
maximal exercise. In addition, ratings of perceived exertion were recorded during each of
the exercise periods using the Borg scale (Borg, 1962) The question was asked: “How hard
are you exercising?”. Subjects were provided with the relevant subjective scales prior to
starting each trial, with written and oral instructions on how to use each scale (Figure 2.4
and 5.2).

5.2.3.6 Exercise performance
Measures for maximal exercise performance included time to fatigue (min) and peak
exercise intensity (Watts), which were recorded at the cessation of the slow ramp protocol.

5.2.4 Experimental design and statistical analysis
This study was based on a repeated-measures design, with subjects (N=8; unless stated
otherwise) acting as their own controls, participating in all three trials. The experimental
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Figure 5.2: The Borg scale administered to evaluate ratings of perceived exertion during
the final ten minutes of thermally controlled and thermally uncontrolled exercise, as well
as immediately after the cessation of maximal exercise.
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design (Figure 5.3) consisted of two factors (hydration and exercise state), with three levels
for hydration state (euhydration, 3% and 5% dehydration) and four levels for exercise state
(rest, thermally controlled exercise, thermally uncontrolled exercise and maximal exercise),
and comparisons were made across these levels. Differences between hydration and
exercise states were identified using two-way Analyses of Variance with repeated measures,
followed by Tukey’s HSD post hoc tests to isolate the sources of significance. Some
measures were only recorded intermittently during these trials and could not be evaluated
as a function of exercise conditions. For these measures (i.e. body-mass changes, urine
specific gravity, urine osmolality, whole-body sweat loss and rate, urine output and flow,
time to fatigue, peak exercise intensity), differences were only identified among hydration
states using one-way Analyses of Variance with repeated measures, followed by Tukey’s
HSD post hoc tests to isolate the sources of significance. Alpha was set at the 0.05 level for
all statistical comparisons, with data reported as means and standard errors of the means
(±), unless stated otherwise as standard deviation (SD). In all cases of non-significant
differences, post hoc power analyses were performed to evaluate the strength of the
experimental design (Cohen, 1988), in which a statistical power of greater than 0.8 (i.e.
beta <0.2) was considered statistically powerful. Furthermore, biological variation analysis
was performed to quantify the components of analytical and biological variability (see
Section 2.2.4.1 for full details).

5.3 RESULTS
5.3.1 Pre-experimental standardisation
Since the aim of this study was to not only investigate the independent affect of exercise,
but also to evaluate the combined influences of exercise and dehydration upon
physiological regulation, it was essential to commence each trial with sufficiently hydrated
subjects, and to minimise the inter-individual variability in the pre-experimental
physiological status across trials. The successful achievement of these criteria was
previously described in study two (see Section 3.3.1 for full details). In summary, each
subject presented in a euhydrated state (urine specific gravity <1.021; Armstrong et al.,
1994), and no differences were observed for the baseline measures of hydration, thermal
and cardiovascular states (P>0.05 and power >0.8 for each comparison; Table 3.2). In
addition, minimal intra-individual variability was present between trials for each of these
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Figure 5.3: Experimental design of study four: exercise and dehydration. Physiological
regulation was evaluated in thermoneutral individuals during four exercise conditions (rest,
thermally controlled exercise, thermally uncontrolled exercise, maximal exercise) and at
each of three hydration levels (euhydration, 3% dehydration, 5% dehydration).
Comparisons were made along both the ordinate (y-axis) as well as the applicate (z-axis).
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baseline measures (Table 3.2). Thus, the physiological status of these subjects was
standardised across these trials. Since these baseline data matched those which may be
expected within the resting state for healthy subjects (Holmgren et al., 1960; Hardy and
Stolwijk, 1966; Pearson et al., 1995; Kratz et al., 2004), it can be assumed that differences
observed during these experiments may be wholly associated with normal physiological
function, as influenced by the exercise and dehydration manipulations used within the
current study.

5.3.2 Experimental treatment: dehydration protocol
A thermal dehydration protocol (see Section 3.2.2.2) was used to achieve each of three
hydration levels: euhydration, 3% and 5% dehydration. This experimental treatment was
previously described in study two (see Section 3.3.2 for full details). In summary, the
duration of the dehydration protocol varied between subjects due to different sweating
responses, ranging between 137 and 242 min (average: 185.0 ±5.1 min). Nevertheless, this
procedure was replicated for each subject in subsequent trials, resulting in exposure to a
similar level of physiological strain during each pre-experimental period, regardless of the
target hydration level that was achieved that day. The only difference between procedures
was the volume of isotonic-fluid administered, which resulted in attaining the target
hydration levels within <0.05% of the mass targets (euhydration: 0.001%; 3% dehydration:
0.030%; 5% dehydration: 0.049%) once the dehydration protocol was completed.

These targets were then clamped throughout each experimental trial using controlled fluid
replacement strategies (see Section 3.2.2.3). On average, subjects consumed 0.73 L (±0.09),
0.47 L (±0.09) and 0.37 L (±0.07) of fluids in the euhydration, 3% and 5% dehydration
trials, respectively. This strategy resulted in clamping the hydration targets, as reflected in
body-mass changes, averaging 0.17% (±0.07), 3.09% (±0.06) and 5.06% (±0.07) across
each trial, with no differences within trials (P>0.05; power >0.8), only between each
hydration state (P<0.01). Furthermore, these differences were substantiated by the other
hydration indices measured in this study. Both urine specific gravity (0% trial: 1.003
±0.001; 3% trial: 1.028 ±0.003; 5% trial: 1.034 ±0.002) and urine osmolality (0% trial: 93
±12 mOsm@kg H2O; 3% trial: 790 ±84 mOsm@kg H2O; 5% trial: 927 ±55 mOsm@kg H2O)
increased in these trials, and significant differences were present between euhydration
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compared to 3% and 5% dehydration (P<0.01 for each comparison), but not within trials
(P>0.05 and power >0.8 for each comparison). Similarly, serum osmolality increased
during dehydration, averaging across each trial 279 mOsm@kg H2O (±3) during euhydration,
287 mOsm@kg H2O (±1) during 3% dehydration and 290 mOsm@kg H2O (±2) during 5%
dehydration, with a significant difference between euhydration and 5% dehydration
(P<0.01). While this hyperosmolality is consistent with dehydration (Sawka et al., 1985;
Montain et al., 1995; Bartok et al., 2004), it should be recognised that these serum
osmolality values were relatively low for these conditions and potential explanations (e.g.
pre-experimental standardisation, hydration procedure, fluid consumption) were provided
previously (see Sections 2.4.1.2 and 3.4.1.1).

Overall, it can be concluded that the dehydration manipulation was achieved, with
hydration targets clamped at either a euhydrated, 3% or 5% dehydrated level. Furthermore,
subjects experienced a similar level of physiological strain during each procedure,
regardless of the hydration target of that day. Therefore, it can be assumed that
physiological function was equally affected by the pre-experimental treatment used in these
trials.

5.3.3 Experimental treatment: thermally controlled exercise
Thermally controlled exercise (see Section 5.2.2.2) was performed to separate the affects
of exercise per se from those of metabolic heat. The aim of this procedure was to remove
body heat at a rate that matched heat production during a bout of light-intensity exercise,
and this was achieved by gradually decreasing the environmental temperature and directing
a controlled wind speed onto each subject. By doing this, core and skin temperatures were
manipulated, so that mean body temperature remained at a thermoneutral level during
exercise.

The temperature responses during these trials are presented in Table 5.2, which displays
mean core, mean skin and mean body temperature recorded during the final ten minutes of
rest, thermally controlled and thermally uncontrolled exercise, as well as during the entire
maximal exercise period, for the euhydration, 3% and 5% dehydration trials. In addition,
since the main objective of this study was to control mean body temperature during
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Table 5.2: Temperatures recorded during the final ten min of rest, thermally controlled and uncontrolled exercise, averaged over the first minute
(start), last minute (end) and ten minutes (average), as well as during maximal exercise, averaged over the first minute (start), last minute (end) and
entire period (average), for the euhydration (0%), 3% and 5% dehydration trials. Data are means with standard errors of the means (N=8). Significant
differences (P<0.05) are indicated by the symbols: (*) rest versus corresponding thermally controlled, uncontrolled and maximal exercise, (‡)
thermally controlled versus corresponding uncontrolled and maximal exercise, (¶) thermally uncontrolled versus corresponding maximal exercise,
(#) start versus corresponding end.
Rest
Variables

Thermally uncontrolled

exercise

exercise

Time

Start
Mean core
temperature

Thermally controlled

End

(oC)
Average

0%

3%

5%

0%

3%

5%

0%

37.00

37.08

37.24

37.24*

37.26*

37.46*

37.58*‡

±0.08

±0.14

±0.12

±0.09

±0.14

±0.10

37.03

37.12

37.26

37.54*

37.57*

±0.08

±0.13

±0.13

±0.07

37.02

37.11

37.26

±0.08

±0.14

±0.12

0%

3%

5%

37.74*‡ 37.86*‡

37.72*‡

37.92*‡

37.99*‡

±0.07†

±0.18†

±0.11†

±0.07¶

±0.21¶

¶ ±0.13

37.74*

37.70*‡

37.89*‡ 37.98*‡

38.20*‡

38.31*‡

38.32*‡

±0.17

±0.10

±0.08

±0.09¶# ±0.20¶#

±0.09¶#

37.41*

37.42*

37.60*

37.64*‡

37.91*‡

38.06‡

38.11‡

±0.08

±0.16

±0.10

±0.07

±0.08¶

±0.21¶

±0.12¶
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3%

±0.21

5%

Maximal exercise

±0.13

37.82*‡ 37.92*‡
±0.19

±0.12

Table 5.2: Continued.
Rest
Variables

Mean skin
End

(oC)
Average

Start
Mean body
temperature

Thermally uncontrolled

exercise

exercise

Time

Start

temperature

Thermally controlled

End

(oC)
Average

Maximal exercise

0%

3%

5%

0%

3%

5%

0%

3%

5%

0%

3%

5%

32.18

32.11

32.30

29.75*

29.81*

29.81*

31.43‡

31.35‡

31.27‡

31.45‡

31.43‡

31.30‡

±0.12

±0.17

±0.19

±0.22

±0.27

±0.23

±0.29

±0.42

±0.38

±0.46

±0.48

±0.40

31.19#

31.16#

31.35#

29.24*

29.39*

29.28*

31.58‡

31.52‡

31.32‡

31.95‡

31.32‡

31.25‡

±0.13

±0.20

±0.23

±0.27

±0.30

±0.29

±0.47

±0.48

±0.36

±0.49

±0.60

±0.38

37.70

31.64

31.84

29.56*

29.65*

29.59*

31.63‡

31.59‡

31.45‡

31.79‡

31.51‡

31.30‡

±0.21

±0.19

±0.22

±0.21

±0.30

±0.26

±0.38

±0.45

±0.33

±0.44

±0.48

±0.37

36.04

36.08

36.25

35.74

35.77

35.93

36.35*

36.46*

36.54*

36.47*

36.62*

36.65*

±0.07

±0.12

±0.12

±0.09

±0.12

±0.11

±0.07‡

±0.19‡

±0.10‡

±0.11‡

±0.22‡

±0.12‡

35.86

35.93

36.08

35.88

35.93

36.05

36.47*

36.62*

36.65*

36.95*

36.91*

36.90*

±0.07

±0.12

±0.12

±0.07

±0.15

±0.11

±0.11‡

±0.22‡

±0.12‡

±0.14‡#

±0.23‡#

±0.09‡#

35.96

36.02

36.18

35.84

35.87

36.00

36.43*

36.57*

36.62*

36.69*

36.75*

36.75*

±0.07

±0.12

±0.12

±0.07

±0.14

±0.11

±0.08‡

±0.14‡

±0.11‡

±0.11‡

±0.22‡

±0.11‡
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submaximal exercise, the average mean body temperature responses during each exercise
condition are also displayed in Figure 5.4. No significant differences as a result of the
dehydration manipulation were present for mean core (P>0.05; power >0.8), mean skin
(P>0.05; power <0.8) and mean body temperature (P>0.05; power >0.8) during rest,
thermally controlled, thermally uncontrolled and maximal exercise, nor were there
significant interactions present between exercise and hydration level for these temperatures
(P>0.05 and power >0.8 for each comparison).

However, temperatures were influenced by the exercise manipulation. Firstly, temperatures
between the rest and thermally controlled exercise conditions were compared to evaluate
whether thermal state was maintained at a thermoneutral level during light-intensity
exercise. For mean core and mean skin temperature, significant differences were observed
between these two conditions during euhydration, 3% and 5% dehydration (P<0.01 for each
comparison; Table 5.2), with increases in mean core temperature and decreases in mean
skin temperature during thermally controlled exercise relative to rest. In fact, this reduction
in mean skin temperature was in progress during the rest condition, as a significant decrease
in skin temperature was observed between the start and end of the rest condition (P<0.01;
Table 5.2). Nevertheless, no differences between these two exercise conditions were present
for mean body temperature at each hydration level (Table 5.2 and Figure 5.4; P>0.05;
power >0.8). Furthermore, there were no differences between the start and end of the rest
and thermally controlled exercise conditions for mean body temperature (Table 5.2;
P>0.05; power >0.8). Thus, although mean core and mean skin temperatures differed, mean
body temperature was maintained at a comparable, steady-state thermoneutral level during
the rest and thermally controlled exercise conditions, regardless of hydration status.

Secondly, temperatures between the thermally controlled and uncontrolled exercise
conditions were compared to verify that this bout of light-intensity exercise was sufficient
to elevate the thermal status of these subjects under thermoneutral environmental
conditions. As expected, differences between these two conditions were present for mean
core (P<0.01; Table 5.2) and mean skin temperature (P<0.01; Table 5.2) at each level of
dehydration, with elevated temperatures during thermally uncontrolled relative to controlled
exercise. Moreover, mean body temperature also significantly increased during thermally
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Figure 5.4: Mean body temperature averaged over the final ten minutes of rest, thermally
controlled and uncontrolled exercise, and over the entire period of maximal exercise in
euhydration (0%; white), 3% dehydration (grey) and 5% dehydration (black) trials. Data are
means with standard errors of the mean (N=8). Significant differences (P<0.05) are
indicated by the symbols: (*) rest versus corresponding thermally uncontrolled and
maximal exercise, (‡) thermally controlled versus corresponding uncontrolled and maximal
exercise.
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uncontrolled compared to controlled exercise at each hydration state (P<0.01; Table 5.2 and
Figure 5.4), indicating that the thermal status of these subjects was altered when
temperatures were allowed to track changes in metabolic heat production in these trials.
However, since only a light-intensity exercise stimulus was applied, these elevations in
mean body temperature were small, averaging 0.60oC (±0.09) in the euhydration, 0.70oC
(±0.10) in the 3% dehydration and 0.63oC (±0.07) in the 5% dehydration trials, resulting
in a mildly hyperthermic state during the thermally uncontrolled exercise condition (Table
5.2 and Figure 5.4). In addition, no differences were observed between the start and end of
these exercise conditions for mean core (P>0.05; power >0.8), mean skin (P>0.05; power
>0.8) and mean body temperatures (P>0.05; power >0.8), indicating that thermal state was
maintained at a steady-state during these submaximal exercise conditions.

Thirdly, maximal exercise until volitional fatigue was performed immediately after the
thermally uncontrolled exercise condition to determine the affect of dehydration on
maximal exercise performance. Times to fatigue averaged 16.5 min (±1.0) during
euhydration, 14.9 min (±1.0) during 3% dehydration and 12.4 min (±1.1) during 5%
dehydration (P<0.01), resulting in respective peak exercise intensities of 325 W (±14), 308
W (±14) and 284 W (±12; P<0.01). Relative to the rest and thermally controlled exercise
conditions, significant differences were present during maximal exercise for mean core
(P<0.01; Table 5.2) and mean body temperature (P<0.01; Table 5.2 and Figure 5.4) at each
hydration level, with higher temperatures during maximal exercise compared to rest and
thermally controlled exercise, but not for mean skin temperature (P>0.05; power >0.8).
However, compared to the thermally uncontrolled exercise condition, only mean core
temperature was significantly elevated during maximal exercise (P<0.01; Table 5.2), whilst
no differences were observed for mean skin (P>0.05; power >0.8) and mean body
temperature (P>0.05; power >0.8) in these trials. Furthermore, significant differences were
observed between the start and end of the maximal exercise protocol for mean core
(P<0.01; Table 5.2) and mean body temperature (P<0.01; Table 5.2), indicating a
progressive increase in thermal state during this exercise condition.

Overall, it can be concluded that the exercise manipulation was accomplished at each
hydration level. Mean body temperature was maintained at a steady-state, thermoneutral
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level during the rest and thermally controlled exercise conditions in each trial. Therefore,
the influences of exercise per se could be investigated at three different hydration levels.
Furthermore, differences in thermal state between thermally controlled and uncontrolled
exercise confirmed that the metabolic heat produced during these submaximal exercise
conditions was sufficient to elevate mean body temperature, although only to a mildly
hyperthermic level. In addition, thermal strain progressively increased during maximal
exercise, and its influence upon physiological regulation and exercise performance could
be assessed as a function of hydration level.

5.3.4 Body-fluid responses
Whole-body sweat loss could only be determined intermittently (i.e. before rest, after
thermally controlled exercise and after maximal exercise), as great care was taken to control
posture during these trials due to its influence on blood volume responses (Harrison, 1985).
Therefore, it was not possible to make comparisons between the different exercise
conditions for sweat loss and the corresponding sweat rate, and instead, these were
averaged across each trial. Whole-body sweat loss averaged 0.24 kg (±0.03) during
euhydration, 0.19 kg (±0.03) during 3% dehydration and 0.31 kg (±0.12) during 5%
dehydration, with no significant differences between trials (P>0.05; power >0.8). Similarly,
whole-body sweat rate was not affected by hydration level (P>0.05; power >0.8), averaging
0.55 L@h-1 (±0.08), 0.38 L@h-1 (±0.05) 0.56 L@h-1 (±0.22) during euhydration, 3% and 5%
dehydration, respectively.

However, local sweat rates at the forehead, chest, scapula and forearm were measured
continuously during these trials, which allowed for these to be evaluated as a function of
both exercise and hydration level. Local sweat rates were influenced by exercise (P<0.01;
Figure 5.5), with significant increases observed during thermally uncontrolled relative to
controlled exercise at the forehead and scapula, as well as during maximal exercise
compared to rest and thermally controlled exercise at each local site, and compared to
thermally uncontrolled exercise at the chest and scapula, though the latter two were
restricted to the euhydrated and 3% dehydrated conditions only. Thus, when thermal state
was regulated at a thermoneutral level during rest and thermally controlled exercise,
marginal, non-significant fluid losses were observed, which were most likely
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Figure 5.5: Local sweat rates recorded at the forehead (black), chest (dashed), scapula
(grey) and forearm (hatched) averaged over the final ten minutes of rest, thermally
controlled and uncontrolled exercise, and over the final minute of maximal exercise in
euhydration (A), 3% dehydration (B) and 5% dehydration (C) trials. Data are means with
standard errors of the means (N=8). Significant differences (P<0.05) are indicated by the
symbols: (*) rest versus corresponding thermally uncontrolled and maximal exercise, (‡)
thermally controlled versus corresponding uncontrolled and maximal exercise, (¶) thermally
uncontrolled versus corresponding maximal exercise, (#) forehead versus corresponding
chest and forearm sweat rate.
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transepidermal during rest (see Chapter Three), while non-thermal factors associated with
exercise may have contributed to the low sweat rates present during thermally controlled
exercise (Shibasaki et al., 2003). However, when body temperature was allowed to track
changes in metabolic heat production during these trials, eccrine sweat glands were
activated, resulting in elevated local sweat rates, with exercise to volitional fatigue eliciting
the greatest sweating response. Nevertheless, local sweat rates were not affected by
hydration level (P>0.05 and power >0.8 for each comparison), nor were there significant
interactions present (P>0.05 and power >0.8 for each comparison). In addition, differences
in the regional distribution of sweat rates were examined during these trials, which were
affected by their location (P<0.01; Figure 5.5), with significant increases in sweat rate at
the forehead relative to the chest and forearm during thermally controlled, uncontrolled and
maximal exercise at each hydration level. Indeed, such regional differences in local sweat
rates have been well established (Taylor and Machado-Moreira, 2013), with the highest
sweat rates generally observed at the forehead, followed by the back (scapula), chest
(upper) and forearm.

Plasma volume, as determined indirectly from haematocrit and haemoglobin concentration
(Table 5.3), was influenced by exercise (P<0.01; Figure 5.6), with a significant reduction
during thermally controlled exercise compared to rest (9.2 ±2.2%; P<0.01; Figure 5.6), as
well as immediately after the cessation of maximal exercise relative to both rest (15.6
±1.3%) and thermally uncontrolled exercise (13.2 ±1.1%). Since posture was carefully
controlled during these trials, with all blood samples obtained after subjects were seated for
at least 20 min (Harrison, 1985), it can be assumed that these changes in plasma volume
were not confounded by postural changes. Thus, these data indicate that the exercise
stimulus initially decreased plasma volume during these trials, but that partial restoration
may have occurred during the second bout of light-intensity exercise, as no differences were
observed between rest and thermally uncontrolled exercise (P>0.05; power >0.8), though
this redistribution of fluids was once again disturbed by exercise to volitional fatigue.
Furthermore, plasma volume was affected by hydration level (P<0.05; Figure 5.6), with
significant reductions observed during both 3% and 5% dehydration relative to euhydration,
averaging respectively 12.0% (±3.8) and 12.7% (±2.7) during rest, 11.2% (±3.6) and 12.5%
(±3.6) during thermally controlled exercise, 12.6% (±1.9) and 12.3% (±3.1) during
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Table 5.3: Blood plasma constituents measured during the final ten minutes of rest, thermally controlled and uncontrolled exercise, and immediately
after the cessation of maximal exercise in euhydration (0%), 3% and 5% dehydration trials. Data are means with standard errors of the means (N=8).
Significant differences (P<0.05) are indicated by the symbols: (§) euhydration versus corresponding 5% dehydration, (*) rest versus corresponding
maximal exercise, (‡) thermally controlled versus corresponding maximal exercise, (¶) thermally uncontrolled versus corresponding maximal exercise.
Rest

Thermally controlled

Thermally uncontrolled

exercise

exercise

Variables

Maximal exercise

0%

3%

5%

0%

3%

5%

0%

3%

5%

0%

3%

5%

Haematocrit

48

50

52

50

52

54

48

50

53

52*¶

53*¶

55*¶

(%)

±0

±1

±1

±1

±1

±1

±1

±1

±1

±1

±1

±1

Haemoglobin

16

16

17

16

17

18

16

16

17

17*¶

18*¶

18*¶

(g@100 mL-1)

±0

±0

±0

±0

±1

±0

±0

±0

±0

±0

±0

±0

137

141

141§

139

141

143§

139

141

143§

140*

142*

143§*

±1

±1

±1

±1

±1

±0

±1

±1

±1

±1

±1

±1

Sodium content

378

339

334§

344

309

305§

373

334

327§

316*¶

293*¶

293§*¶

(mmol)

±13

±12

±4

±11

±14

±7

±10

±11

±5

±10

±11

±4

Sodium
concentration
(mmol@L-1)
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Table 5.3: Continued
Rest

Thermally controlled

Thermally uncontrolled

exercise

exercise

Variables

Maximal exercise

0%

3%

5%

0%

3%

5%

0%

3%

5%

0%

3%

5%

3.9

4.2

4.3§

4.2

4.4

4.5§

4.3

4.3

4.6§

3.7‡¶

3.8‡¶

3.9§‡¶

±0.1

±0.1

±0.1

±0.1

±0.1

±0.1

±0.1

±0.1

±0.1

±0.2

±0.1

±0.1

Potassium

10.6

10.1

10.3

10.3

9.7

9.7

11.4

10.2

10.5

8.4*‡¶

7.8*‡¶

8.1*‡¶

content (mmol)

±0.4

±0.3

±0.1

±0.4

±0.5

±0.3

±0.4

±0.4

±0.2

±0.5

±0.4

±0.2

106

107

109§

107

110

111§

108

110

111§

108

109

111§

±1

±1

±1

±1

±1

±1

±1

±1

±1

±1

±1

±1

Chloride content

291

258

258§

264

241

237§

290

261

255§

243*‡

227*¶

226*§¶

(mmol)

±11

±9

±3

±10

±12

±6

±9

±10

±4

±9

±9

±3

Serum osmolality

280

285

289§

273

286

290§

277

285

290§

287

293

292§

(mOsm@kg H2O-1)

±1

±2

±2

±7

±2

±2

±2

±2

±2

±4

±2

±4

Potassium
concentration
(mmol@L-1)

Chloride
concentration
(mmol@L-1)
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Figure 5.6: Plasma volume determined during the final ten minutes of rest, thermally
controlled and uncontrolled exercise, and immediately after the cessation of maximal
exercise in euhydration (0%; white), 3% dehydration (grey) and 5% dehydration (black)
trials. Data are means with standard errors of the means (N=8). Significant differences
(P<0.05) are indicated by the symbols: (§) euhydration versus corresponding 3% and 5%
dehydration, (*) rest versus corresponding thermally controlled and maximal exercise, (¶)
thermally uncontrolled versus corresponding maximal exercise.
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thermally uncontrolled exercise, and 9.1% (±4.4) and 8.4% (±3.5) after the cessation of
maximal exercise. Since no differences were present between 3% and 5% dehydration,
these data suggest that plasma volume was defended at the highest level of dehydration,
regardless of the exercise condition. In addition, there was no significant interaction
observed between exercise and hydration level for plasma volume in these trials (P>0.05;
power >0.8).

These changes in plasma volume concomitantly influenced electrolyte contents in the
plasma. Plasma sodium, potassium and chloride contents were affected by exercise (P<0.01
for each comparison; Table 5.3), with decreases observed in each of these solutes
immediately after the cessation of maximal exercise relative to during rest (sodium: 18
±2%; potassium: 22.5 ±2.5%; chloride: 18 ±2%) and thermally uncontrolled exercise
(sodium: 16 ±1%; potassium: 25.8 ±2.5%; chloride: 17 ±2%), as well as a reduction in
potassium content after the cessation of maximal compared to thermally controlled exercise
(18.2 ±4.1%). Thus, exercise to volitional fatigue not only modified body fluid distribution,
but also altered plasma content at each level of dehydration. Furthermore, a significant loss
of solutes from the plasma occurred as a result of dehydration (P<0.05 for each
comparison), with reductions in plasma sodium and chloride content observed during 3%
and 5% dehydration (Table 5.3), averaging respectively 12% (±3) and 11% (±3) during rest,
10% (±4) and 9% (±4) during thermally controlled exercise, 12% (±3) and 12% (±3) during
thermally uncontrolled exercise, and 6% (±4) and 6% (±4) after the cessation of maximal
exercise, whilst plasma potassium content remained unchanged (P>0.05; power >0.8). In
addition, there were no significant interactions present for the plasma content of these
solutes in these trials (P>0.05 and power >0.8 for each comparison).

This net solute loss as a result of exercise was only reflected in the plasma concentration
of potassium (P<0.01; Table 5.3), with a significant decrease after the cessation of maximal
exercise relative to both thermally controlled and uncontrolled exercise, while no
differences as a result of exercise were observed for either sodium (P>0.05; power >0.8)
or chloride concentrations (P>0.05; power >0.8). However, the concentration of each of
these electrolytes was influenced by hydration level (P<0.05 for each comparison; Table
5.3), with significant increases in sodium, potassium and chloride concentrations during 5%
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dehydration relative to euhydration. In addition, there were no significant interactions
present for the plasma concentration of these solutes in these trials (P>0.05 and power >0.8
for each comparison). As a result of these intravascular changes, serum osmolality was
ultimately only influenced by hydration level (P<0.01; Table 5.3), with a significant
increase in osmolality during 5% dehydration relative to euhydration, but not by exercise
(P>0.05; power >0.8), and no significant interaction was observed (P>0.05; power >0.8).

Since urine specimens were only collected before and after each experimental trial, renal
function could not be evaluated as a function of exercise. Nevertheless, it was previously
established that significant reductions in urine output were observed in these subjects
during 3% and 5% dehydration relative to euhydration (P<0.05; Table 3.5), decreasing on
average by 83.7% and 91.1%. Similarly, respective urine flows decreased on average by
89.8% and 94.3% (P<0.05; Table 3.5). Thus, dehydration resulted in a substantial decrease
in urine production, thereby mediating a defence in plasma volume.

In summary, thermally controlled exercise resulted in a reduction in plasma volume, while
none of the other measures appeared to be affected by exercise per se. In contrast, maximal
exercise caused significant changes in most of these variables, indicating that body-fluid
homeostasis was challenged when exercise to volitional fatigue was performed. In addition,
dehydration-induced influences were equivalent to those previously observed for resting
individuals (see Chapter Three), with dehydration ultimately resulting in a reduction in
plasma volume and increase in osmolality. Nevertheless, no interactions between exercise
and hydration level were present for these measures of body-fluid homeostasis under these
conditions, indicating that no additive affects were present when exercise and dehydration
were combined.

5.3.5 Cardiovascular responses
Measures of vasomotor function are presented in Table 5.4. Forearm vascular conductance
was not influenced by exercise (P>0.05; power >0.8) or hydration level (P>0.05; power
>0.8), nor was there a significant interaction present (P>0.05; power >0.8). Indeed, forearm
vascular resistance was controlled at a low level during rest, with only marginal, nonsignificant increases observed during thermally controlled, uncontrolled and maximal
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Table 5.4: Forearm and cutaneous vascular conductance averaged over the final ten minutes of rest, thermally controlled and uncontrolled exercise,
and over the first five minutes immediately after the cessation of maximal exercise in euhydration (0%), 3% and 5% dehydration trials. Data are means
with standard errors of the means (N=8).
Rest

Thermally controlled

Thermally uncontrolled

exercise

exercise

Variables

Maximal exercise

0%

3%

5%

0%

3%

5%

0%

3%

5%

0%

3%

5%

conductance

2.3

2.7

3.6

2.9

3.3

4.8

3.1

5.5

6.1

9.2

7.6

6.7

(mL@100 mL tissue-1

±0.7

±0.7

±1.8

±0.8

±1.0

±1.4

±0.6

±1.7

±1.2

±2.5

±2.4

±1.2

2.1

1.6

1.7

2.2

2.2

2.6

2.3

2.6

3.0

4.0

3.1

2.7

±0.3

±0.3

±0.2

±0.5

±0.4

±0.3

±0.4

±0.5

±0.6

±1.0

±0.5

±0.5

Forearm vascular

@min-1@mmHg@100-1)
Cutaneous vascular
conductance (nondimensional)
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exercise. Likewise, cutaneous vascular conductance also did not differ as a result of
exercise (P>0.05; power >0.8) or hydration level (P>0.05; power >0.8), and there was no
significant interaction (P>0.05; power >0.8).

Although vasomotor function was not affected by exercise and hydration level, these
experimental treatments did influence heart rate responses. An example of typical heart rate
responses during these trials is illustrated in Figure 5.7, which displays heart rate recorded
for one subject (S7) in the euhydrated, 3% and 5% dehydrated trials from commencement
(0 min) until trial termination (0%: 99 min; 3%: 98 min; 5%: 95 min). As expected, heart
rate was controlled at steady-state during rest, thermally controlled and uncontrolled
exercise at each hydration state, although at a higher level during 5% dehydration. Indeed,
when heart rate responses were averaged for each exercise condition, differences were
present for hydration level (P<0.01; Figure 5.8), with significant elevations in the 5%
dehydration relative to euhydration trials during thermally controlled and uncontrolled
exercise. Furthermore, average heart rate was influenced by exercise (P<0.01; Figure 5.8),
with significant elevations during thermally controlled, uncontrolled and maximal exercise
compared to rest, as well as during maximal exercise relative to thermally controlled and
uncontrolled exercise. These elevated heart rate responses during exercise represented 63%
(±3), 68% (±3) and 92% (±1) of the maximal age-predicted heart rates of these subjects for
thermally controlled, uncontrolled and maximal exercise, respectively. Nevertheless, no
significant interaction between exercise and dehydration was present for heart rate in these
trials (P>0.05; power >0.8).

Moreover, blood pressures were also affected by exercise (P<0.01 for each comparison;
Figure 5.9), with significant elevations in systolic and mean arterial pressure during
thermally controlled and uncontrolled exercise compared to rest, and significant reductions
in these blood pressures immediately after the cessation of maximal exercise relative to
thermally controlled and uncontrolled exercise. Thus, although blood pressures were
regulated at a higher level during light-intensity exercise, this pressure was not sustained
after the cessation of exercise to volitional fatigue, resulting in post-exercise hypotension.
However, no dehydration-induced influences were observed for either systolic (P>0.05;
power >0.8), diastolic (P>0.05; power >0.8) or mean arterial pressure (P>0.05; power
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Figure 5.7: An example of the heart rate responses during rest, thermally controlled,
uncontrolled and maximal exercise conditions in euhydration (0%; light grey, solid), 3%
dehydration (dark grey, dashed) and 5% dehydration (black, dotted) trials from
commencement (0 min) until trial termination (0%: 99 min; 3%: 98 min; 5%: 94 min).
Vertical lines represent different phases during these trials. Data are from one subject (S7)
only.
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Figure 5.8: Heart rate averaged over the final ten minutes of rest, thermally controlled and
uncontrolled exercise, and over the final minute of maximal exercise in euhydration (0%;
white), 3% dehydration (grey) and 5% dehydration (black) trials. Data are means with
standard errors of the means (N=8). Significant differences (P<0.05) are indicated by the
symbols: (§) euhydration versus corresponding 5% dehydration, (*) rest versus
corresponding thermally controlled, uncontrolled and maximal exercise, (‡) thermally
controlled versus corresponding maximal exercise, (¶) thermally uncontrolled versus
corresponding maximal exercise.
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Figure 5.9: Blood pressures measured during the final ten minutes of rest, thermally
controlled and uncontrolled exercise, and immediately after the cessation of maximal
exercise in euhydration (0%; white), 3% dehydration (grey) and 5% dehydration (black)
trials. Data are means with standard errors of the means (N=8). Significant differences
(P<0.05) are indicated by the symbols: (*) rest versus corresponding thermally controlled
and uncontrolled exercise, (¶) thermally controlled versus corresponding maximal exercise,
(‡) thermally uncontrolled versus corresponding maximal exercise.
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>0.8), neither were there significant interactions present (P>0.05 and power >0.8 for each
comparison).

In summary, exercise increased cardiovascular strain, as was evident from elevations in
heart rate and blood pressures, but mean arterial pressure was well regulated during
thermally controlled and uncontrolled exercise. However, immediately after the cessation
of exercise to volitional fatigue, post-exercise hypotension occurred, with mean arterial
pressure decreasing below resting values. Furthermore, only heart rate was affected by
dehydration in these trials, and no interactive influences for exercise and dehydration were
observed under these conditions for these cardiovascular measures, meaning that the
superimposition of an exercise stimulus upon a dehydrated state did not exert additive
affects upon blood pressure homeostasis.

5.3.6 Psychophysical responses
Subjective ratings for body temperature, thermal comfort, state of alertness, thirst and
perceived exertion are displayed in Table 5.5 for the rest, thermally controlled, normal and
maximal exercise conditions at each hydration level. As expected, thirst sensation was
influenced by hydration level (P<0.01; Table 5.5), with subjects reporting feeling a little
to moderately thirsty (3.1-4.9) during 3% dehydration and moderately to very thirsty (5.57.0) during 5% dehydration relative to not thirsty to a little thirsty (1.3-2.5) during
euhydration, though none of the other psychophysical indices were affected by hydration
level (P>0.05 and power >0.8 for each comparison).

Exercise influenced thermal sensation (P<0.01; Table 5.5), with subjects reporting feeling
hot (9.9-10.4) immediately after the cessation of maximal exercise compared to slightly
cool (5.8-6.3) during rest and neutral (6.4-7.0) during thermally controlled exercise.
Moreover, ratings of perceived exertion differed significantly as a result of exercise
(P<0.01; Table 5.5), with subjects rating the exercise stimulus very, very hard (19.0-19.1)
after the cessation of maximal exercise compared to fairly light (10.1-11.6) during
thermally controlled exercise and somewhere between fairly light and somewhat hard
(11.8-12.1) during thermally uncontrolled exercise. However, sensations of thermal
comfort, alertness and thirst were not affected by exercise (P>0.05; power >0.8), nor were
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Table 5.5: Psychophysical indices recorded during the final ten minutes of rest, thermally controlled and normal exercise, and immediately after the
cessation of maximal exercise in euhydration (0%), 3% and 5% dehydration trials. Data are means with standard errors of the means (N=8). Significant
differences (P<0.05) are indicated by the symbols: (§) euhydration versus corresponding 3% and 5% dehydration, (†) 3% versus corresponding 5%
dehydration, (*) rest versus corresponding thermally uncontrolled and maximal exercise, (‡) thermally controlled versus corresponding maximal
exercise, (¶) thermally uncontrolled versus corresponding maximal exercise.
Rest

Thermally controlled

Thermally uncontrolled

exercise

exercise

Variables

Maximal exercise

0%

3%

5%

0%

3%

5%

0%

3%

5%

0%

3%

5%

Thermal sensation

5.8

6.0

6.3

6.4

6.7

7.0

8.6*

8.6*

8.8*

10.4*‡

9.9*‡

10.0*‡

(1-13)

±0.4

±0.3

±0.3

±0.6

±0.6

±0.5

±0.2

±0.3

±0.3

±0.3

±0.4

±0.5

Thermal discomfort

1.6

1.4

1.6

1.6

1.4

1.5

1.7

1.8

1.9

2.7

2.9

2.8

(1-5)

±0.2

±0.2

±0.3

±0.2

±0.2

±0.2

±0.3

±0.2

±0.2

±0.3

±0.4

±0.4

Thirst sensation

1.3

3.1§

5.8§†

1.8

3.5§

5.5§†

1.8

3.8§

6.0§†

2.5

4.9§

7.0§†

(1-9)

±0.2

±0.5

±0.6

±0.3

±0.5

±0.8

±0.3

±0.8

±0.5

±0.5

±0.9

±0.5

Sleepiness sensation

3.8

3.9

4.4

2.5

3.1

3.5

2.3

2.9

3.3

2.4

2.1

3.1

(1-9)

±0.5

±0.4

±0.4

±0.4

±0.2

±0.3

±0.5

±0.3

±0.3

±0.5

±0.3

±0.6

-

-

-

10.1

11.0

11.6

11.8

12.1

12.1

19.0‡¶

19.1‡¶

19.1‡¶

±0.6

±0.3

±0.4

±0.3

±0.5

±0.3

±0.4

±0.2

±0.3

Perceived exertion
(6-20)
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there any significant interactions observed for any of the psychophysical indices measured
during this study (P>0.05 and power >0.8 for each comparison).

In summary, thirst sensation was increased as a result of dehydration, while thermal
sensation and perceived exertion were elevated after the cessation of maximal exercise.
Nonetheless, no interactive affects of exercise and dehydration were observed for any of
the psychophysical indices measured in this study, meaning that exercise and dehydration
combined did not influence these subjective ratings.

5.4 DISCUSSION
The purpose of the current study was threefold. Firstly, this study was designed to
investigate the influence of exercise per se upon physiological regulation, with a primary
focus on body-fluid and blood pressure regulation. This was achieved by using a thermally
controlled exercise condition to separate the affects of exercise from those of metabolic
heat, as well as a thermoneutral resting and a thermally uncontrolled exercise condition
(Table 5.2). Secondly, each exercise condition was performed at different hydration levels
to evaluate the combined influences of exercise and dehydration upon physiological
regulation. A passive thermal dehydration protocol, in combination with a controlled fluid
replacement strategy, was employed to achieve and sustain three, steady-state hydration
levels (euhydration, 3% dehydration, 5% dehydration). Finally, the influence of dehydration
on maximal exercise performance was assessed by incorporating a slow ramp protocol to
volitional fatigue, which was performed immediately after the thermally uncontrolled
exercise condition at each hydration level. Thus, all measures were performed under rigidly
controlled experimental conditions to ensure it was the exercise- and dehydration-induced
strain per se that affected physiological regulation. Since subjects commenced each trial in
a similar physiological state (Table 3.2), and the required experimental manipulations were
achieved (see Sections 5.3.2 and 5.3.3), it can be assumed that changes observed in
physiological regulation were highly probable to have resulted from alterations in exercise
and hydration state alone.

Nevertheless, it should be recognised that recumbent cycle ergometry was performed in the
current study, with other exercise modes (e.g. upright cycling, running, rowing) possibly
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resulting in differential effects upon physiological regulation (Bobbert, 1960; Stenberg et
al., 1967; Harrison, 1985). That is, physiological responses to exercise are largely
dependent upon muscle mass recruitment (Louhevaraa et al., 1990; Toner et al., 1983) as
well as body posture (Bevegård et al., 1960; Greenleaf et al., 1979; Yoshiga and Higuchi,
2002). Thus, while the present results were comparable among experimental trials, these
data cannot necessarily be generalised to studies in which other exercise modes were
employed.

5.4.1 Physiological regulation during thermally controlled exercise
The principal aim of this study was to investigate the independent influence of exercise
upon body-fluid and blood pressure regulation. Thermally controlled exercise resulted in
a reduction in plasma volume relative to rest, although this exercise-induced
haemoconcentration appeared to have been (partially) restored during thermally
uncontrolled exercise (Figure 5.). However, these two bouts of light-intensity exercise did
not affect the composition of plasma, and no significant changes in osmolality were present
as a result of exercise in these trials (Table 5.3). Furthermore, these submaximal exercise
conditions both increased cardiovascular strain to a similar level, evidenced by significant
elevations in heart rate (Figure 5.8) and mean arterial pressure (Figure 5.9), though mean
arterial pressure was well regulated at this increased pressure. Therefore, the hypothesis that
predicted exercise in a thermoneutral, euhydrated state would elevate body-fluid and
cardiovascular strain, but that this strain would be less pronounced compared to exercise
in a (mildly) hyperthermic, euhydrated state, resulting in a smaller reduction in plasma
volume and smaller elevations in osmolality, heart rate and mean arterial pressure, was
rejected.

Although some controversy may exist about the intravascular responses to exercise
(Harrison, 1985), the general consensus is that haemoconcentration occurs as a response
to cycle ergometry (Saltin, 1964; Harrison et al., 1975; Greenleaf et al., 1979), which is
usually the result of a decrease and concentration of the plasma (i.e. hyperosmotic
hypovolaemia). In the current experiment, plasma volume reduced by ~9% during thermally
controlled exercise relative to rest (Figure 5.6), but no changes in osmolality were observed
during this condition (Table 5.3). Thus, although a significant amount of fluid was lost from
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the plasma, solute concentration was ultimately not affected. Indeed, no significant
differences in the plasma concentrations of sodium, potassium or chloride were observed
during thermally controlled exercise (Table 5.3). Similar finding were reported by
Convertino and colleagues (1981, 1983), when investigating body-fluid responses to graded
cycling exercise in man. In these studies, reductions in plasma volume were linearly related
to the exercise intensity from 40% to 90% of the maximal work rate, though osmolality
increased in a curvilinear fashion and appeared to have a threshold effect. That is, a work
intensity greater than 40% of the maximal work rate was required to elicit significant
changes in plasma solute concentrations. Since it was necessary to apply a light-intensity
exercise stimulus (40% of the maximal work rate) in the present study to achieve a
thermally controlled exercise state, the possibility exists that this work rate was insufficient
to produce an elevated plasma solute concentration during this exercise condition.

In addition, this exercise-induced reduction in plasma volume disappeared during the
second bout of light-intensity exercise, as an increase of ~7% was observed during
thermally uncontrolled exercise compared to controlled exercise (Figure 5.6). These two
exercise conditions were identical, except that during thermally uncontrolled exercise body
temperatures tracked changes in metabolic heat production, which resulted in significant
elevations in mean core, skin and body temperature during this condition (Table 5.2).
Nevertheless, it is doubtful that this elevated thermal state would have contributed to this
shift in plasma volume, since heat stress is usually associated with blood flow redistribution
to the cutaneous circulation (Rowell, 1974, 1986) to facilitate heat dissipation at the skin
surface, which would have caused a further reduction in plasma volume (Harrison, 1985;
Morimoto, 1990). That is, cutaneous vasodilatation would have resulted in increased
capillary pressure and perfusion, which would have favoured an efflux of plasma
(Mellander, 1978). Instead, it is more likely that (partial) restoration of the plasma volume
may have occurred during this second bout of light-intensity exercise, such as previously
reported during prolonged cycling exercise at a low intensity in a thermoneutral
environment (Greenleaf et al., 1977; Hagan et al., 1980; Maw et al., 1998). Since the
exercise intensity used during these exercise conditions was insufficient to produce changes
in the composition of the plasma (Table 5.3), this restoration was most likely primarily
mediated by changes in hydrostatic pressure caused by the acute plasma loss during
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thermally controlled exercise (Maw et al., 1998). That is, the initial reduction in plasma
volume would have increased interstitial hydrostatic pressure (Auckland and Nicolaysen,
1981), which would limit a further loss of plasma and facilitate the influx of fluid, thereby
allowing plasma volume to be restored during the thermally uncontrolled exercise
condition. Indeed, no significant differences between plasma volumes at rest (2.5 ±0.1 L)
and thermally uncontrolled exercise (2.3 ±0.1 L) were present during the current experiment
(Figure 5.6).

Besides modulating body-fluid homeostasis, exercise is a potent cardiovascular stimulus
and resulted in elevated cardiovascular strain during these trials, as was evident from a 93%
increase in heart rate (Figure 5.8) and a 14% elevation in mean arterial pressure (Figure 5.9)
during thermally controlled exercise relative to rest, with similar responses observed during
thermally uncontrolled exercise. These exercise-induced influences upon the blood pressure
regulatory system have been well documented (Rowell, 1991; Raven et al., 1997; Dampney
et al., 2002; Ichinose et al., 2014). During exercise, blood flow increases to meet the
metabolic demands of the active skeletal muscles to ensure adequate supply of oxygen and
removal of metabolic waste products. This is achieved via local vasodilatation, which is
dependent on the direct affects of metabolites and endothelial factors on vascular smooth
muscles (Delp and Laughlin, 1998). To support this increase in skeletal muscle blood flow,
an increase in cardiac output is required (Åstrand et al., 1964; Haddy et al., 1968;
Higginbotham et al., 1986), as well as a redistribution of blood flow from inactive regions,
such as the splanchnic and renal circulation (Chapman et al., 1948; Rowell et al., 1964;
Bevegard and Shephard, 1967; Rowell, 1974). However, this overall reduction in total
peripheral resistance is generally well matched to elevations in cardiac output during
submaximal exercise, and mean arterial pressure regulation is not compromised under these
conditions.

To maintain mean arterial pressure during exercise, both feedforward (i.e. central
command) and feedback systems (i.e. baroreflex, exercise pressor reflex) are activated
(Dampney et al., 2002; Ichinose et al., 2014). Central command is primarily responsible for
the rapid cardiovascular changes observed at the onset of exercise (Goodwin et al., 1972;
Gandevia et al., 1993; Ogoh et al., 2002), such as elevations in heart rate and mean arterial
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pressure to support the increases in metabolic demands, while peripheral reflex mechanisms
respond to more locally induced changes during exercise, such as changes in the amount
of stretch in arterial walls (e.g. baroreflex; Guyton, 1991), or metabolic and mechanical
stimuli within skeletal muscles (e.g. exercise pressor reflex; Mitchell et al., 1983; Rowell
and O’Leary, 1990; Murphy et al., 2011). Of these feedback systems, the arterial baroreflex
is the most influential in regulating mean arterial pressure during submaximal exercise
(Rowell and O’Leary, 1990; Papelier et al., 1994). In fact, it has been demonstrated that this
reflex mechanism can reset during exercise (Potts et al., 1993; Papelier et al., 1994; Norton
et al., 1999), and can continue to operate around a newly established mean arterial pressure
elicited by the exercise work rate. Nevertheless, these central and local control systems are
well integrated and work both independently and synergistically to regulate cardiovascular
function during exercise (Dampney et al., 2002; Ichinose et al., 2014). For instance, both
central command and the exercise pressor reflex have been reported to play independent
and interactive roles in the resetting of the arterial baroreflex during exercise (Raven et al.,
2006, Ichinose et al., 2014). Although no direct measures were performed to evaluate each
of these cardiovascular responses as a result of exercise, it would be reasonable to suggest
that a combination of these effector responses was responsible for the regulation of mean
arterial pressure during these trials.

5.4.2 The combined influences of exercise and dehydration upon physiological
regulation
The secondary aim of this study was to evaluate the combined influences of exercise and
dehydration upon physiological regulation as these states frequently occur simultaneously,
and to investigate their potentially interactive affects upon body-fluid and blood pressure
regulation. Exercise and dehydration both independently reduced plasma volume (Figure
5.6), though osmolality was only significantly elevated as a result of 5% dehydration (Table
5.3). In addition, both of these states independently elevated cardiovascular strain, with
heart rate controlled at a higher level during exercise as well as during 5% dehydration
(Figure 5.8), while systolic and mean arterial pressures were regulated at a higher level only
as a function of exercise (Figure 5.9). Nevertheless, no interactive influences between
exercise and hydration level were observed for these measures of body-fluid and
cardiovascular function. Therefore, the hypothesis that predicted exercise in a
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thermoneutral, dehydrated state would increase body-fluid and cardiovascular strain, but
that this strain would be less pronounced compared to exercise in a (mildly) hyperthermic,
dehydrated state, resulting in a smaller decline in plasma volume and smaller increases in
osmolality, heart rate and mean arterial pressure, was rejected.

To the best of my knowledge, this was the first study to investigate the combined influences
of exercise and dehydration upon physiological regulation. However, a few studies have
been conducted to assess the impact of dehydration per se upon cardiovascular function
during submaximal exercise by utilising a cold environmental stimulus to blunt the
progressive rise in body temperature that normally accompanies exercise. For instance,
when evaluating cardiovascular responses in endurance-trained male cyclists during
moderate-intensity exercise (70-72% of maximal oxygen consumption) in cold
environments (2-8oC), whilst either euhydrated (0.2% body-mass loss) or formerly
dehydrated (1.5-4.2% body-mass loss), González-Alonso et al. (1997, 2000b) reported
significant increases in heart rate and decreases in stroke volume relative to euhydrated
conditions, though cardiac output and mean arterial pressure were maintained under these
conditions. Initially, these authors suggested that this reduction in stroke volume was
primarily mediated by the decrease in blood volume, as blood volume restoration reversed
the decline in stroke volume (González-Alonso et al., 1997), although step-wise multiple
regression analyses in their subsequent study identified both heart rate and blood volume
as the best predictors of the stroke volume response under these conditions (GonzálezAlonso et al., 2000b). In addition, in two more recent studies (Kenefick et al., 2004;
Cheuvront et al., 2005), during which dehydrated subjects (3-4.1% body-mass loss)
performed exercise at lower intensities (50% of maximal oxygen consumption) in a
temperate environment (20-25oC), elevations in heart rate (Cheuvront et al., 2005) as well
as reductions in stroke volume (Kenefick et al., 2004) were reported compared to
euhydrated conditions, with no changes observed for cardiac output and mean arterial
pressure.

Taken together, these studies imply that cardiovascular responses are affected during
submaximal exercise in a dehydrated state, and these reported changes are consistent with
the current observations. That is, heart rate was significantly elevated as a result of 5%
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dehydration (Figure 5.8), while no dehydration-induced changes in mean arterial pressure
were present in these trials (Figure 5.9). According to the current data, these cardiovascular
responses during submaximal exercise appear to be primarily mediated by dehydration per
se, as no interactive influences between exercise and hydration level were observed during
these trials. In addition, body-fluid responses measured during these experiments were
unaffected by these combined influences. Thus, 3% to 5% dehydration does not seem to
have any additive affects for either blood pressure or body-fluid regulation, at least not
during light-intensity exercise in a thermoneutral (i.e. thermally controlled exercise) or
mildly hyperthermic state (i.e. thermally uncontrolled exercise).

Whether these results also apply to exercising individuals in a dehydrated, but more
profound thermal state (e.g. moderate hyperthermia) remains to be investigated. As
previously established in study one (Chapter Two), hyperthermia can independently modify
body-fluid and blood pressure homeostasis, with the activation of thermoeffector responses
(i.e. vasodilatation and sweating) resulting in changes in the volume and composition of the
plasma, as well as an elevation in cardiovascular strain in resting individuals. Although
these physiological responses were not exacerbated when this elevated thermal state was
combined with levels of 3% and 5% dehydration in resting individuals (see Chapter Four),
with no interactive influences observed for body-fluid and blood pressure homeostasis,
superimposing additional exercise-induced strain upon an already stressful hyperthermic
and dehydrated state may result in substantial alterations in physiological regulatory
function, possibly leading to homoeostatic failure. Indeed, according to the current data,
even a light-intensity exercise stimulus can significantly modify temperature, body-fluid
and blood pressure regulation.

5.4.3 Maximal exercise performance during 3% and 5% dehydration
In addition to evaluating the separate and combined influences of exercise and dehydration
upon physiological regulation, the experimental design of this study provided an
opportunity to assess the influence of dehydration upon physiological regulation during
exercise to volitional fatigue, and to examine its implications for maximal exercise
performance. Physiological strain was significantly elevated during maximal exercise, as
was evident from significant increases in mean core, skin and body temperature (Table 5.3),
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a significant decrease in plasma volume (Figure 5.6), and a significant increase in heart rate
(Figure 5.8) and decreases in mean arterial pressure (Figure 5.9) during these trials. As
anticipated, both time to volitional fatigue and peak exercise intensity were significantly
reduced during 3% and 5% dehydration, and this exercise impairment occurred in
proportion to the level of dehydration.

Impairments in maximal exercise performance as a result of dehydration in thermoneutral
environments are often (Buskirk et al., 1958; Caldwell et al., 1984; McConell et al., 1997;
Cheuvront et al., 2005), but not always reported (Maughan et al., 1989; Robinson et al.,
1995; McConell et al., 1999; Bachle et al., 2001). Although maximal exercise performance
can be influenced by a variety of factors (e.g. exercise stimulus, dehydration procedure),
the level of dehydration that was achieved before or during exercise appears to be largely
responsible for this discrepancy in results. Indeed, it has been established that a body-water
deficit of less than 3% body-mass loss does not generally affect maximal exercise
performance in temperate conditions (Sawka, 1992; Murray, 2007; Cheuvront et al., 2003,
2010). In the present experiment, time to fatigue was significantly reduced by 10.3% (±2.4)
during 3% dehydration and by 24.8% (±4.2) during 5% dehydration relative to euhydration.
Similarly, the exercise intensity that was reached upon termination of the slow ramp
protocol was respectively reduced by 5.2% (±1.2) and 12.2% (±1.8). These final exercise
intensities represented 83.5% (±4.9), 79.0% (±4.4) and 73.3% (±4.5) of the predicted
maximal work rate of these subjects during the euhydration, 3% and 5% dehydration trials,
respectively. Thus, the current data are consistent with previous findings (Caldwell et al.,
1984; Sawka, 1992; McConell et al., 1997; Cheuvront et al., 2005), in that body mass
losses of 3% and 5% were sufficient to reduce maximal exercise performance in a
temperate environment. Moreover, the present results indicate that this performance
impairment was in proportion to the level of dehydration, possibly due to greater
physiological strain associated with exercise to volitional fatigue at higher levels of
dehydration.

For instance, plasma volume was significantly reduced during 3% and 5% dehydration
compared to the euhydration conditions when maximal exercise was performed (Figure
5.6), which was most likely caused by a large redistribution of blood flow to the active
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skeletal muscles to sustain the progressive increase in force production (Saltin et al., 1998;
González-Alonso and Calbet, 2003). Since the physiological regulatory systems are interrelated (Figure 1.1), and each of them is heavily dependent on the volume of the
intravascular space for adequate supply of blood flow, this decline in plasma volume may
have resulted in significant elevations in thermal and cardiovascular strain during exercise
to volitional fatigue. For example, dehydration-associated reductions in plasma volume
have been shown to decrease dry and evaporative heat loss mechanisms (Fortney et al.,
1981b; Nose et al., 1990), eventually resulting in a progressive rise in body temperature due
to the increased heat storage during exercise, which in turn can further enhance
cardiovascular strain. Although mean core, mean skin and mean body temperatures were
significantly elevated during maximal exercise (Table 5.2), skin blood flow (Table 5.4) and
thermal sweating (Figure 5.5) were not adversely influenced by dehydration, resulting in
an only marginally elevated thermal state (~1oC), indicative of mild hyperthermia. Indeed,
much more profound levels of hyperthermia, with body temperatures in excess of 38oC,
have frequently been reported during high-intensity exercise (Maron et al., 1977; Byrne et
al., 2006; Ely et al., 2009; Lee et al., 2010). Therefore, it is unlikely that exercise to
volitional fatigue was terminated due to temperature-mediated fatigue in the current trials.

Instead, maximal exercise performance may have been limited by cardiovascular function,
as a decreased plasma volume during dehydration has been shown to reduce central venous
pressure and cardiac filling (Morimoto, 1990; Nose et al., 1994), resulting in a decrease in
stroke volume and increase in heart rate (Fortney et al., 1983; González-Alonso et al.,
2000b). Indeed, a significant increase in heart rate was observed during maximal exercise
(Figure 5.8). In fact, this heart rate response represented >90% of the maximal agepredicted heart rate of these subjects, indicating that cardiovascular strain was significantly
elevated during these trials. When this reduction in central venous pressure and cardiac
filling is substantial, such as during maximal exercise in a dehydrated state, cardiac output
will decline and mean arterial pressure will be compromised (Sawka et al., 1979; GonzálezAlonso et al., 1998). In the current study, mean arterial pressure was significantly reduced
immediately after the cessation of maximal exercise (Figure 5.9), with pressure falling
below resting values. This post-exercise hypotension occurs when the persistent fall in total
peripheral resistance is not completely offset by increases in cardiac output (Kenney and
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Seals, 1993; Halliwill et al., 1996). That is, after the cessation of exercise, cardiac output
declines from high exercising values more rapidly than total peripheral resistance recovers,
with this imbalance resulting in a reduction in mean arterial pressure (Halliwill, 2001).
Moreover, no dehydration-induced differences were observed for these cardiovascular
measures during exercise to volitional fatigue, indicating that these trials were terminated
at similar levels of cardiovascular strain, although this level of strain was reached earlier
in a dehydrated state. These observations support the concept that maximal exercise
performance was limited by cardiovascular function during these trials.

While data obtained during the maximal exercise condition (i.e. immediately before or after
the cessation of exercise) can reveal the most likely cause for exercise termination during
these trials, these data do not allow for physiological strain to be evaluated as a function of
dehydration during this exercise condition, as volitional fatigue was achieved at similar
levels of thermal (Table 5.2 and Figure 5.4) and cardiovascular strain (Figures 5.8 and 5.9).
As a result, dehydration-mediated physiological affects upon maximal exercise performance
remain unclear. However, since a submaximal exercise condition (i.e. thermally
uncontrolled exercise) was performed immediately before the commencement of the slow
ramp protocol, data recorded during this condition could be used to examine whether any
proportional increases in physiological strain were present prior to commencing the slow
ramp protocol.

To explore the relationship between hydration level and physiological strain during the
thermally uncontrolled exercise condition, least-squares, best-fit regression analyses were
performed to investigate correlations between changes in body mass and the main variables
recorded for thermal, body-fluid and cardiovascular function. Strong correlations (r >0.80;
Figure 5.10) were observed (on average) for plasma volume (negative), serum osmolality
(positive) and heart rate (positive), while moderate to weak correlations with changes in
body mass (r <0.50) were present for the other variables (i.e. mean core temperature, mean
skin temperature, mean body temperature, mean arterial pressure). These results indicate
that body-mass loss was linearly related to reductions in plasma volume and elevations in
serum osmolality and heart rate. Thus, dehydration resulted in a proportional increase in
physiological strain during thermally uncontrolled exercise, which would have continued
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Figure 5.10: Relationships between body mass loss (0%, 3%, 5%) and plasma volume (A),
serum osmolality (A) and heart rate (B), with data averaged over the final ten minutes of
the thermally uncontrolled exercise condition. Data are means with standard errors of the
means (N=8).
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during the slow ramp protocol, thereby impairing maximal exercise performance.

However, it should be noted that these linear regression parameters were found to vary
considerably among subjects. For example, for plasma volume strong correlations were
present for six subjects, while plasma volume was only moderately correlated with changes
in body mass for two subjects (S3 and S4; Table 5.6). Interestingly, the basal plasma
volume (intercept) of these two subjects were also the lowest, which may explain why
plasma volume reductions were less pronounced during dehydration. That is, these subjects
may have been less tolerant to decreases in plasma volume due to their relatively smaller
plasma space, resulting in a greater plasma volume defence under these conditions.
Nevertheless, the plasma volume changes with mass reductions (slopes) were small for all
subjects (Table 5.6), indicating that the sensitivity of the plasma volume to body-mass
relationship was only marginal. Furthermore, even though osmolality and heart rate
responses were (on average) strongly correlated with body-mass changes, considerable
inter-individual differences were observed for each of correlation coefficient, intercept and
slope (Table 5.6). Thus, not only must subject-dependent variability in the basal data
(intercepts) be considered when assessing dehydration-mediated affects upon exercise
performance, individual variations in the sensitivity (slope) of these relationships must also
be taken into account.

5.5 CONCLUSIONS
This was the first study in which the affect of exercise per se was deliberately separated
from those of metabolic heat using rigidly controlled experimental conditions, and in which
the independent influence of exercise (i.e. recumbent cycle ergometry) upon physiological
regulation was investigated. It was hypothesised that when exercise was performed without
either an increase in body temperature or dehydration (i.e. thermally controlled exercise),
the elevation in body-fluid and cardiovascular strain would be less pronounced compared
to exercise during which body temperature was allowed to track changes in metabolic heat
storage (i.e. thermally uncontrolled exercise), resulting in a smaller reduction in plasma
volume and smaller elevations in osmolality, heart rate and mean arterial pressure. As
expected, plasma volume was reduced during thermally controlled exercise, although
(partial) restoration occurred during thermally uncontrolled exercise. However, osmolality
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Table 5.6: Linear regression parameters for plasma volume, serum osmolality and heart rate, with data averaged over the final ten minutes of the
thermally uncontrolled exercise condition and regressed against changes in body mass (0%, 3%, 5%).
Heart rate

Serum osmolality (mOsm@kg H2O-1)

Plasma volume (L)
Subject

(beats·min-1)

r

Intercept

Slope

r

Intercept

Slope

r

Intercept

Slope

S1

-0.99

2.67

-0.1

0.84

276.9

3.2

0.99

143.1

5.4

S2

-0.92

2.47

-0.1

0.78

268.4

3.3

0.92

120.8

6.1

S3

-0.46

2.4

0

0.97

271.1

2.7

0.61

114.7

5.1

S4

-0.61

2.43

0

0.8

283.7

1.3

0.99

117.5

2.5

S5

-0.99

2.94

-0.1

0.99

272

4.3

0.87

127.8

4.8

S6

-0.99

2.87

-0.1

0.89

282.6

2.6

0.97

95.9

6.8

S7

-0.99

2.73

-0.1

0.96

273.7

3.6

0.91

87.8

6.5

S8

-0.99

2.92

-0.2

0.63

280.4

1.1

0.99

136.7

2.8

Mean

-0.93

2.68

-0.1

0.86

276.1

2.8

0.91

118

5

±

0.08

0.08

0.1

0.04

2

0.4

0.05

6.7

0.6

Note: Abbreviations were used for correlation coefficient (r), and standard errors of the means (±).
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was not affected during thermally controlled exercise. Furthermore, heart rate and mean
arterial pressure were increased during thermally controlled exercise, but this elevated
cardiovascular strain was similar across both submaximal exercise conditions, and the
hypothesis was rejected. Consequently, it was concluded that exercise per se induced
significant disturbances in body-fluid and blood pressure homeostasis, but that these
responses were well tolerated by thermoneutral, euhydrated individuals performing
recumbent cycling exercise.

Moreover, exercise (i.e. recumbent cycle ergometry) was performed at different hydration
levels, and the combined influences of exercise and dehydration upon physiological
function were evaluated. It was hypothesised that when exercise was performed in a
dehydrated state, but without an increase in body temperature (i.e. thermally controlled
exercise), intravascular changes and ensuing cardiovascular responses would be less
pronounced compared to exercise during which body temperature was allowed to track
changes in metabolic heat storage (i.e. thermally uncontrolled exercise), resulting in a
smaller decline in plasma volume and smaller increases in osmolality, heart rate and mean
arterial pressure. Exercise and dehydration both independently reduced plasma volume, and
dehydration resulted in an elevation in osmolality during these submaximal exercise
conditions. In addition, both of these states independently affected cardiovascular function,
with increases in heart rate present as a result of exercise and dehydration, while mean
arterial pressure was regulated at a higher level as a result of exercise only. Nevertheless,
since no interactive influences between exercise and hydration level were observed during
thermally controlled and uncontrolled exercise for these measures, the hypothesis was
rejected. Accordingly, it was concluded that the combined influences of exercise and
dehydration did not exert any additive influences upon physiological regulation during these
experimental trials, and subjects were able to cope well with these combined stresses under
these conditions.

Finally, maximal exercise performance was assessed as a function of 3% and 5%
dehydration. The anticipated outcome was that dehydration would reduce time to volitional
fatigue and peak exercise intensity in proportion to the level of dehydration due to elevated
physiological strain. Maximal exercise (i.e. recumbent cycle ergometry) caused significant
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changes in the temperature, body-fluid and blood pressure regulatory systems, with
increases in mean body temperature and reductions in plasma volume and mean arterial
pressure observed during this condition. As a result, both time to fatigue and peak exercise
intensity decreased during 3% and 5% dehydration. However, since thermal state was only
marginally elevated during this exercise condition, it was concluded that the proportional
impairment in maximal exercise performance was primarily mediated by changes in bodyfluid homeostasis, which subsequently limited cardiovascular function in the current
exercise protocol.
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS
The principal focus of the current project centred upon three integrated, physiological
regulatory systems: body temperature, body-fluid and blood pressure. The body temperature
and body-fluid regulatory systems were deliberately modified in this project to determine
how disturbances in homeostasis (i.e. hyperthermia and dehydration) would independently
influence the other physiological systems, and whether these physiological changes would
affect cognitive function (i.e. task performance, brain electrical activity). In this regard, four
experimental studies were designed to evaluate the influences of hyperthermia, dehydration
and exercise (i.e. dynamic, aerobic) upon these regulatory systems, first separately, and then
collectively. Firstly, the independent influences of moderate hyperthermia (Chapter Two)
and 3% to 5% dehydration (Chapter Three) upon physiological regulation and cognitive
function were established in resting individuals. These affects were investigated by
employing a novel methodological approach, in which open-loop states were applied via
whole-body thermal (thermoneutral and moderate hyperthermia) and hydration state
clamping (euhydration, 3% dehydration, 5% dehydration). To the best of my knowledge,
this has not previously been attempted. Secondly, these two states were combined at rest
using these rigidly controlled experimental conditions, and their interactive affects upon
physiological regulation and cognitive function were determined (Chapter Four). Finally,
physiological regulation was assessed in exercising individuals at different hydration levels
(Chapter Five), to investigate the separate and combined influences of exercise and
dehydration.

6.1.1 Physiological regulation during hyperthermia, dehydration and exercise
Although the independent influence of moderate hyperthermia upon body temperature,
body-fluid and blood pressure regulation is generally thought to be well known (Morimoto,
1990; Crandall and González-Alonso, 2010), the purpose of the first study (Chapter Two)
was not only to confirm these physiological responses, which was an essential pre-requisite
for this project, but also to establish an important benchmark for this experimental series
with which the other experimental treatment (i.e. dehydration; Chapters Three and Four)
could be compared. It was hypothesised that a passively elevated and stable thermal state
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would disturb blood pressure and body-fluid homeostasis relative to a thermoneutral state
in euhydrated individuals, but that the main regulated variables would be defended at
control levels. Indeed, cardiovascular strain was increased during these steady-state resting
conditions, evidenced by significant elevations in skin blood flow and heart rate, but mean
arterial pressure was maintained at thermoneutral levels. However, a significant loss of
fluids and electrolytes from the plasma occurred during moderate hyperthermia, presumably
caused by the significant redistribution of blood flow to the cutaneous circulation in
combination with a profound sweating response that was observed during these trials.
These ultimately resulted in a reduced and diluted plasma (i.e. hypo-osmotic
hypovolaemia). Thus, moderate hyperthermia induced significant changes in the effectors
of the blood pressure and body-fluid regulatory systems, but the regulated variables were
not, or only marginally, affected by this elevated thermal strain. Therefore, it was concluded
that healthy individuals were perfectly capable of coping with the physiological
consequences of moderate hyperthermia, at least under these resting, euhydrated conditions.

The second study (Chapter Three) focussed on the physiological responses to 3% and 5%
dehydration in thermoneutral, resting individuals, thereby improving the current
understanding about the influence of dehydration per se upon physiological regulation. That
is, previous research commonly utilised (thermal) exercise protocols (Costill and Saltin,
1974; Nadel et al., 1980; Popowski et al., 2001; Charkoudian et al., 2003; Taylor et al.,
2012), which can make it difficult to isolate the affects of dehydration from those of
hyperthermia and exercise. In addition, study two provided a comparative baseline for the
other experimental treatments of this project (i.e. hyperthermia and physical exercise;
Chapters Four and Five). It was predicted that passively induced dehydration (thermal
sweating) would modify body-fluid homeostasis in proportion to the level of dehydration,
but would not affect cardiovascular function in thermoneutral, resting conditions. Although
a proportional increase in serum osmolality with dehydration level was present during these
trials, the reduction in plasma volume was defended at the highest level of dehydration,
decreasing by a smaller amount than was predicted, and this was presumably mediated by
renal vascular and hormonal changes. Moreover, 3% to 5% dehydration did not
significantly influence heart rate, skin blood flow and mean arterial pressure in these trials.
Thus, although these levels of dehydration significantly disturbed body-fluid homeostasis,
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cardiovascular function was defended and remained largely unaffected under these
conditions. Accordingly, it was concluded that the body-fluid regulatory responses induced
by 3% to 5% dehydration were well tolerated in thermoneutral, resting conditions.

Taken together, the previous two studies (Chapters Two and Three) established that
healthy, resting individuals can cope well with either hyperthermia or dehydration.
However, the combination of these two states may result in additive physiological affects
(González-Alonso et al., 1997; González-Alonso, 1998), potentially leading to more
profound disturbances in physiological homeostasis, which was the focus of the third study
(Chapter Four).

It was predicted that passively induced and stable levels of moderate hyperthermia and 3%
to 5% dehydration would combine to further decrease plasma volume and increase
osmolality relative to the thermoneutral, euhydrated state, which would elevate
cardiovascular strain, but that mean arterial pressure would still be regulated at control
levels. Hyperthermia and dehydration both independently decreased plasma volume, while
osmolality only increased as a result of dehydration. Furthermore, skin blood flow and heart
rate were increased as a result of moderate hyperthermia, while 5% dehydration resulted
in reductions in systolic and mean arterial pressures. Nevertheless, no interactive influences
between temperature and hydration level were present for these body-fluid and
cardiovascular measures, indicating that the combination of these two states did not exert
additive physiological affects during these trials. Therefore, it was concluded that the
combined influences of moderate hyperthermia and 3% to 5% dehydration had no adverse
consequences for physiological regulation in healthy, resting individuals.

To this point, thermal- and dehydration-induced influences had only been determined in
resting individuals, though both of these states are often simultaneously elicited during
exercise (Sawka et al., 1979; Nadel et al., 1980; Sawka et al., 1985; González-Alonso et
al., 1995, 1997; Montain et al., 1998), with the exercise stimulus providing another
(internal) strain upon the physiological regulatory systems. Accordingly, the final study
(Chapter Five) focussed on physiological responses in exercising individuals, with a
threefold purpose. Firstly, the influence of exercise per se was determined by isolating the
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affects of exercise (i.e. recumbent cycle ergometry) from those of metabolic heat
production. This was achieved by employing a thermally controlled exercise condition (i.e.
mean body temperature remained at a thermoneutral level), as well as a thermoneutral
resting and a thermally uncontrolled exercise condition (i.e. identical exercise stimulus, but
mean body temperature tracked changes in metabolic heat production resulting in mild
hyperthermia), while hydration status was clamped at a euhydrated level. It was
hypothesised that exercise in a thermoneutral, euhydrated state would elevate body-fluid
and cardiovascular strain, but that this strain would be less pronounced compared to
exercise in a (mildly) hyperthermic, euhydrated state. No exercise-induced influences were
present for serum osmolality, although plasma volume decreased during the initial exercise
stimulus (i.e. thermally controlled exercise), while (partial) restoration occurred during the
second bout of light-intensity exercise (i.e. thermally uncontrolled exercise). Moreover,
both heart rate and mean arterial pressure were elevated to a similar level during each of
these submaximal exercise conditions to support the metabolic demands of the exercising
skeletal muscles. Thus, exercise per se modified both body-fluid and blood pressure
homeostasis, but since no adverse consequences for physiological regulation were present
during thermally controlled exercise, it was concluded that these physiological responses
were well tolerated by thermoneutral, euhydrated individuals performing recumbent cycling
exercise.

Secondly, these exercise conditions were performed at different hydration levels (i.e.
euhydration, 3% dehydration, 5% dehydration) to investigate the combined influences of
exercise and dehydration upon physiological regulation. It was hypothesised that exercise
in a thermoneutral, dehydrated state would increase body-fluid and cardiovascular strain,
but that this strain would be less pronounced compared to exercise in a (mildly)
hyperthermic, dehydrated state. Even though exercise and dehydration both independently
affected body-fluid and blood pressure homeostasis during these submaximal exercise
conditions, no interactive influences between exercise and dehydration were present for the
physiological measures performed in this study. Consequently, it was concluded that these
combined states did not exert any additive physiological affects, at least not when
submaximal recumbent cycling exercise was performed in thermoneutral (i.e. thermally
controlled) or mildly hyperthermic (i.e. thermally uncontrolled exercise) conditions.
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Thirdly, the experimental design of this fourth and final study provided an opportunity to
assess the influence of dehydration upon physiological function during exercise to
volitional fatigue (i.e. recumbent cycling ergometry), and to examine its implications for
maximal exercise performance. It was anticipated that dehydration would reduce maximal
exercise performance in proportion to the level of dehydration due to elevated physiological
strain. Indeed, physiological homeostasis was challenged during this form of exercise, with
significant increases in mean body temperature and decreases in plasma volume and mean
arterial pressure present. However, since thermal state was only marginally elevated during
this exercise condition, it was concluded that the proportional impairment in maximal
exercise performance was primarily mediated by changes in body-fluid homeostasis, which
subsequently limited cardiovascular function in the current exercise protocol.

In summary, this experimental series was designed to systematically investigate the separate
and combined influences of moderate hyperthermia and 3% to 5% dehydration upon
physiological regulation in resting individuals (Chapters Two, Three and Four), and in
doing so has provided the following unique contributions. Firstly, the physiological
consequences of moderate hyperthermia per se were substantiated under rigidly controlled
experimental conditions, which were well tolerated by healthy, euhydrated individuals
during rest. Secondly, the affects of dehydration were deliberately separated from those of
thermal- and exercise-induced strain, and it was apparent that healthy individuals were
perfectly capable of coping with the physiological responses to 3% and 5% dehydration in
thermoneutral, resting conditions. Thirdly, when these two states were combined, no
interactive effects between temperature and hydration level were present during these trials,
indicating that moderate hyperthermia and 3% to 5% dehydration did not exert additive
physiological influences, at least not during rest.

In addition, the separate and combined influences of exercise and dehydration were
examined (Chapter Five), which contributed the following key findings. Firstly, the
influence of exercise per se was, for the first time, intentionally isolated from those of
metabolic heat using rigidly controlled experimental conditions, and it was found that
although a bout of light-intensity recumbent cycling exercise modified body-fluid and
cardiovascular homeostasis, exercise per se did not elicit undue physiological strain in
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healthy, euhydrated individuals. Secondly, when submaximal recumbent cycling exercise
was performed during 3% and 5% dehydration in thermoneutral or mildly hyperthermic
conditions, there were no interactions between exercise and hydration level present,
indicating that the superimposition of exercise-induced strain upon an already stressful
dehydrated state did not result in additive physiological influences. Finally, dehydrationmediated changes in body-fluid homeostasis resulted in cardiovascular limitations during
recumbent cycling exercise to volitional fatigue, thereby reducing maximal exercise
performance in proportion to the level of dehydration.

6.1.2 The separate and combined influences of hyperthermia and dehydration upon
cognitive function
The secondary objective of this project was to mitigate the current confusion in the
literature regarding the affects of hyperthermia and dehydration on cognitive function
(Grandjean and Grandjean, 2007; Lieberman, 2007, 2012; Gaoua, 2010) by utilising these
rigidly controlled experimental conditions to systematically explore the separate and
combined influences of these states upon cognitive task performance and brain electrical
activity. In addition to clamping thermal and hydration levels throughout the measurement
of cognitive function, another novel methodological approach was employed in the current
project. That is, the difficulty levels of the visual perceptual and working memory tasks
were matched, so that the affects of hyperthermia and dehydration could be evaluated as a
function of these cognitive domains. Furthermore, the visual perceptual task was
administered at an easy and difficult level of difficulty to examine whether visual
perceptual performance was influenced by task difficulty. Moreover, performance accuracy
data were analysed according to the signal detection theory model (Green and Swets, 1966)
to disambiguate possible changes in sensitivity (i.e. discriminative ability) and response
bias (i.e. response strategy selection) that can confound more global outcome measures of
performance (Macmillan and Creelman, 1990, 1991). It was thereby anticipated that this
experimental design would provide a better insight into the decision making processes
during these performance tasks. As a physiological analogue of cognitive processes, brain
electrical activity was recorded over each hemisphere and across three cortical regions (i.e.
frontal, central-parietal and occipital) in the eyes-closed condition, with power spectral
analyses performed to evaluate possible changes in the alpha and beta power bands.
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Study one (Chapter Two) focussed on the independent influence of moderate hyperthermia
on these measures of cognitive function. For task performance, it was hypothesised that this
elevated thermal state would impair performance (i.e. reaction time, sensitivity and
response bias) in both the visual perceptual and working memory domains, as well as
within the visual perceptual domain as a function of task difficulty, in euhydrated, resting
individuals. Moderate hyperthermia resulted in faster reaction times in each performance
task (i.e. working memory, easy perceptual and difficult perceptual), which was most likely
caused by the more liberal response strategy that was selected during this condition.
Nevertheless, sensitivity was ultimately not affected by moderate hyperthermia.
Furthermore, for brain electrical activity it was predicted that moderate hyperthermia in
euhydrated, resting individuals would increase alpha power and decrease beta power
relative to the thermoneutral state. Although reductions in beta power were present during
these trials, no changes in alpha power were observed during moderate hyperthermia.
Accordingly, it was concluded that moderate hyperthermia did not adversely affect the
aspects of cognitive function assessed in this study in euhydrated, resting individuals.

The purpose of the second study (Chapter Three) was to determine whether dehydration per
se would influence task performance and brain electrical activity in thermoneutral, resting
conditions. In parallel to the hypotheses of the first study (Chapter Two), it was predicted
that task performance would be impaired in proportion to the level of dehydration in both
the visual perceptual and working memory domains, and within the visual perceptual
domain as a function of task difficulty. Faster reaction times were present during 5%
dehydration, with no trade-off evident between speed and accuracy, but this improvement
was restricted to the visual perceptual domain only. Thus, dehydration did not have any
adverse consequences for sensitivity and response bias within the working memory and
visual perceptual domains under these conditions. Furthermore, increases in alpha power
and decreases in beta power in proportion to the level of dehydration were hypothesised,
though no dehydration-induced influences were observed for brain electrical activity in this
study. Consequently, it was concluded that dehydration per se did not induce any adverse
affects on these measures of cognitive function, at least as measured in this study.

In study three (Chapter Four) these two states were combined, and the objective was now
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to assess the interactive influences of hyperthermia and dehydration upon task performance
and brain electrical activity. Similar to the previous two studies (Chapters Two and Three),
it was hypothesised that hyperthermia and dehydration would combine to further impair
task performance relative to the euhydrated, thermoneutral state in both the visual
perceptual and working memory domains, as well as within the visual perceptual domain
as a function of task difficulty. Although moderate hyperthermia resulted in changes in
reaction time and response bias, no dehydration-induced influences were observed during
these trials, and there were no interactions present between hyperthermia and dehydration.
In addition, it was hypothesised that these combined states would further increase alpha
power and decrease beta power relative to the euhydrated, thermoneutral state. However,
changes in brain electrical activity were also limited to the hyperthermia condition, with a
reduction in beta power as well as changes in the topographical distribution of each of
alpha and beta power observed during these trials, while these power bands were
unaffected by dehydration. Moreover, no interactive influences between hyperthermia and
dehydration were present for either alpha or beta power during these trials. Therefore, it
was concluded that the combined influences of moderate hyperthermia and 3% to 5%
dehydration did not have adverse consequences for the aspects of cognitive function
assessed in the current study, at least not under these resting conditions.

In summary, rigidly controlled experimental conditions were employed to explore the
separate and combined influences of hyperthermia and dehydration upon cognitive
function, which has resulted in the following unique contributions. Firstly, it was
established that, independently, moderate hyperthermia and 3% to 5% dehydration had no
adverse influences upon either task performance or brain electrical activity in healthy,
resting individuals. Furthermore, the combination of these two states did not elicit any
interactive affects on these measures of cognitive function, indicating that healthy, resting
individuals were able to tolerate these levels of moderate hyperthermia and 3% to 5%
dehydration without impairing cognitive processes.

6.2 RECOMMENDATIONS
Although the current series of experiments have clearly demonstrated that levels of
moderate hyperthermia and 3% to 5% dehydration do not adversely influence physiological
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regulation (i.e. body temperature, body-fluid and blood pressure) and cognitive function
(i.e. task performance and brain electrical activity) in resting conditions, it is currently
unclear whether more profound levels of hyperthermia and dehydration would result in
similar responses. Such levels would elevate physiological strain relative to the present
observations, which may lead to greater disturbances in physiological homeostasis and
impairments in cognitive function. Not only from a scientific interest, but also from a
practical perspective for various health, occupational and military applications, it would be
beneficial to establish at what level of physiological strain individuals would not be able
to tolerate these separate and combined influences at rest. In these experiments, hydration
levels would be clamped at different levels (e.g. euhydration, 3% dehydration, 5%
dehydration, 7% dehydration), while thermal state would be progressively elevated using
a stepwise approach. That is, after each increment in body temperature, thermal state would
be clamped so that measurements could be performed under steady-state conditions. This
experimental design would allow for the independent influences of various levels of
hyperthermia and dehydration upon physiological and cognitive function to be evaluated
at rest, as well as the interactive affects between these different levels of physiological
strain.

In addition to further exploring these thermal and dehydration influences at rest, another
logical next study would be to evaluate the physiological consequences of hyperthermia and
dehydration in exercising individuals. Although these combined states did not adversely
affect physiological function at rest, the exercise stimulus would provide another (internal)
strain upon the physiological regulatory systems governing body temperature, body-fluid
and blood pressure regulation. That is, each of these regulatory systems is affected by the
increase in metabolic activity produced during skeletal muscle contraction (Saltin and
Hermansen, 1966; González-Alonso et al., 2000), which results in increased heat storage
and a substantial redistribution of blood flow to support the metabolic requirements of the
exercising skeletal muscles. In the current project, it was established that this additional
exercise-induced strain was well tolerated by dehydrated individuals in thermoneutral
conditions (Chapter Five). However, when exposed to hot environments, greater
physiological demands will be placed upon each of these regulatory systems to sustain
muscle force generation, while simultaneously dissipating body heat and maintaining an
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adequate blood pressure. Indeed, the physiological implications of exercising in hot
environments have been a topic of interest for many years, and although it is well
documented that exercise-heat stress with or without dehydration reduces exercise
performance (Galloway and Maughan, 1997; Tatterson et al., 2000; Ely et al., 2007), the
physiological mechanisms responsible for this impairment remain unclear and warrant
further investigation.

One proposed mechanism for this impairment in exercise performance during heat strain
and dehydration is related to the central nervous system. Therefore, it would be beneficial
to further examine the separate and combined influences of heat strain and dehydration
upon cognitive function (e.g. task performance, brain electrical activity) in exercising
individuals. However, before such investigations are conducted, the effects of exercise per
se upon cognitive function should be established first, as contradictory findings have been
reported in this area of research, possibly due to differences in experimental design across
studies (Tomporowski and Ellis, 1986; Brisswalter et al., 2002; Tomporowski, 2003). For
example, thermal and hydration states have rarely been controlled in previous experiments,
with these transient states possibly confounding data interpretation (Hancock, 1986;
Hancock and Vasmatzidis, 2003). Moreover, exercise protocols often differed in the type,
intensity and duration of the exercise stimulus applied, which has further augmented the
current discrepancy in the literature. Therefore, rigidly controlled experimental conditions
should be performed in future experiments, such as those utilised in the current project.
Only when thermal, hydration and exercise states are controlled throughout the assessment
of cognitive function, is it possible to isolate their separate affects from other influences,
and can cognitive function be evaluated independently of subsequent changes in
physiological strain.

Based on the present observations, greater care should be taken in such future investigations
to prevent an overall reduction in serum osmolality from occurring during thermal and
hydration state manipulations. Although it was established that a significant amount of
electrolytes was lost from the blood during the current experimental series, this solute loss
could not be tracked, as no measures were made to determine the electrolyte concentrations
in sweat and urine. In addition, since no baseline measures of serum osmolality were
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obtained during these trials, it was not possible to determine whether the pre-experimental
standardisation, hydration procedure, or fluid replacement strategy were responsible for the
low serum osmolality values observed during these trials (see Sections 2.4.1.2 and 3.4.1.1
for full details). Therefore, it is recommended that future investigations perform such
measures, particularly for baseline serum osmolality, so that the effectiveness of the preexperimental standardisation procedure can be established and the primary avenues for
solute loss can be quantified.

Nevertheless, several improvements could be made to prevent these overall decreases in
serum osmolality in future experiments. For instance, in the current project only one
hydration measure (i.e. urine specific gravity) was used as a euhydration cut-off value for
subject participation (Armstrong et al., 1994). Not only would it be advantageous to use
additional hydration indices (e.g. serum and urine osmolality; Cheuvront and Sawka, 2005;
Sawka et al., 2007) to establish euhydration status before trial commencement, it may also
be beneficial to employ cut-off values for well-hydration (Armstrong et al., 1994) to
identify and exclude subjects that present in a high water-loaded state at baseline, thereby
potentially confounding data interpretation.

Furthermore, it was previously discussed that the hydration procedure employed in this
project may have contributed to the low serum osmolality values (see Section 3.4.1.1 for
full details). Indeed, it should be recognised that the thermal dehydration protocol used in
the present project (i.e. intermittent warm-water immersion; see Section 3.3.2) is atypical
for most real-life conditions in which healthy individuals may experience dehydration (e.g.
occupational, sport, military settings), yet it was chosen as a means to rapidly induce
thermal dehydration up to 5% body-mass loss, while avoiding the potentially confounding
effects of physical exercise upon physiological and cognitive functions. However, the
affects of warm-water immersion upon body-fluid homeostasis may not necessarily be
equivalent relative to those of warm-air exposure. For example, although vasomotor and
sudomotor responses are initiated during heat exposure to both air and water, individuals
immersed in water cannot rely on evaporative heat loss, and it is likely that instead
vasomotor activity (i.e. vasodilatation) would have been greatly enhanced under these
conditions, causing a large redistribution of blood flow to the cutaneous circulation.
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Nonetheless, sudomotor responses were profound during this uncompensable heat stress
in the present experiments (sweat rate <1.98 L@h-1), but it is currently unknown whether
differential effects between air and water exposure exist upon the composition of sweat.
Moreover, water immersion is associated with increases in hydrostatic pressure, which has
been shown to cause significant fluid and electrolyte shifts (Behn et al., 1969; Böning and
Skipka, 1979; Greenleaf et al., 1980, 1981), resulting in sustained diuresis and natriuresis
(Epstein et al., 1972; 1980; Greenleaf et al., 1980). Thus, the current dehydration procedure
may have affected body-fluid homeostasis differently, and this should be recognised when
interpreting and generalising data across studies.

Furthermore, it was previously discussed that fluid consumption throughout these
experimental trials may have affected serum osmolality (see Section 2.4.1.2 for full details),
and future investigations could benefit from selecting a more appropriate fluid replacement
strategy. Fluid replacement should contain a sodium-chloride concentration similar to that
of sweat (Maughan, 1991), but since individual sweat composition varies widely, it would
be difficult to establish a single formula for all subjects. However, another approach that
could be more easily achieved and assist with improving the electrolyte balance during
experiments that require profound sweating responses would be to acclimate subjects to the
heat prior to participation in a study. Heat-acclimation does not only reduce the mean body
temperature threshold for the onset of sweating (Nadel et al., 1974; Patterson et al., 2004),
thereby resulting in increased sweat rates for a given core temperature relative to
unacclimated individuals, the secreted sweat is generally also more dilute after heatacclimation (Dill et al., 1938; Kirby and Convertino, 1986). Therefore, this preexperimental procedure would result in profound sweating responses during heat strain, but
at the same time reduce the amount of solutes lost from the intracellular and extracellular
spaces via thermal sweating.

Taken the above limitations in consideration, it should be recognised that the individuals
used in the present research project may not be representative of the general population.
Indeed, a small homogenous group of subjects were selected for these experiments to
minimise inter-individual variability in physiological and cognitive status. Current subjects
were healthy, physically active males that were not acclimated to the heat, whilst still
Page 377

capable of producing relatively high sweat rates during heat strain. Therefore, one cannot
assume that the present findings would be necessarily applicable to other subgroups (e.g.
females, acclimated individuals, elderly, diseased) or the population as a whole, and further
research in this area is warranted.
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